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PREFACE 



The papers presented at this workshop are the most complete publications to 
date concerning orbital debris. Since the workshop, several new lines of 
Investigation have begun, each promising to provide new data on the small 
orbital debris environment. 


The most promising new data are expected from the Infrared Astronomical 
Satellite (IRAS) telescope. Although IRAS stopped gathering data In December, 
1983, the existing data are expected to contain information on the debris 
population larger than a few millimeters and higher than 900km altitude. A 
proposal to obtain samples of the IRAS data has been approved by NASA 
Headquarters, pending resolution of proprietary agreements established with 
the Laboratory's IRAS principal investigators. 

The second most promising data are expected from Lincoln Laboratory's 
Experimental Test Site (ETS), using their two 31-inch telescopes. A contract 
to detect orbital debris at altitudes below 1000km and sizes larger than 1cm 
is expected within the next few months. 

As a direct result of the workshop, we have tasked the North American Air 
Defense Command (N0RADJ to develop a technique of routinely providing a sampling 
of objects too small to be in the official catalogue, to maintain and improve 
their techniques of reporting on satellite breakups, and to search for a 
"collision signature" in the satellite breakup data. This work is being 
conducted by Teledyne Brown and will be published every 6 months as a "Sample 
Catalogue of Small Objects." Most of the small object data will come from 
NORAD's PARCS radar which routinely collects data on objects too small to be 
in the official catalogue. 

Much of this work will be presented in the Space Debris Workshop as part of 
COSPAR in Graz, Austria, June 25, 1984 to July 6, 1984. The papers presented 
there are expected to be published. 


Donald J. Kessler 
March 1984 



I, 


'§ 


ranSCKDINO niTANK not 


m 









CONTENTS 


PREFACE . 
ATTENDEES 


SUMMARY OF WORKSHOP ACTIVITIES 

SPACE DEBRIS ASSESSMENT - 10-YEAR PROGRAM 
TECHNICAL PLAN Ruurah 


PLAN, PROGRAM 


Page 

111 

lx 

1 

8 


SESSION 1. ENVIRONMENT DEFINITION: 

PARTICLES LARGER THAN 1 MM 

MEASUREMENTS 

NORAD OPERATIONAL SYSTEM 

David Brach 

HISTORY OF SATELLITE BREAK UPS IN SPACE **** 22 

John Gabbard ,,,,,,,,,, 

3Q i >- 

NO *Donald A J CS Kes A l L SATELLITE TESTS (1976 AND 1978) 

MANMADE ORBITAL DEBRIS STUDIES AT NASA LANGLEY 

Br0Gk8 * Jose M * Alvarez, and 

MODELING * 

NASA/ JSC ORBITAL DEBRIS STUDY: DEBRIS MODEL 

J. Brad Robetds, Donald J. Kessler, and Shln-Yl Su ... 69 ^ 

PR0 ^“s PmmiN “ Y DESIGN CRIIHl “ - ENVIRONMENT tome 

Donald J. Kessler 

“ S ” 0E SATELLITE “““ION HAZARDS BT SIMULATED SAMPLING ” 

V. A. Chobotov , 

• • • * * • # # ( # # # # # f # # # ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ l/ 

A MODEL FOR THE EVOLUTION OF ON-ORBIT MANMADE nr..T« ENVIRONMENT 

Robert C. Reynolds, Nomen H. Fischer, end Do”ld sT^Se ... 102 " 

GEOSYNCHRONOUS SATELLITE COLLISION AVOIDANCE 
William Fraser 

133 1 / 

PROPOSED MEASUREMENTS 

IN SITU ORBITAL DEBRIS EXPERIMENT CONCEPTS 

Sherman L. Neste 

134v 


itiftcnr 


PRECEDING PAGE BLANK NOT FILMED 


p ui™!! A JL DmeN 0F M EARTH-BASED debris detection system 
USING CURRENT TECHNOLOGY AND EXISTING INSTALLATIONS 
T. H. Morgan 


USE OF GROUND RADAR TO DETECT REENTERING DEBRIS 
Jeanne Lee Crews 


SESSION 2. ENVIRONMENT DEFINITIONS 
PARTICLES SMALLER THAN 1 MM 

PARTICLE SIZE, NUMBER, COMPOSITION, AND VELOCITY FROM SOLID 
ROCKET MOTORS 

Barney B. Roberta 


HYPERVELOCITY IMPACTS ON SKYLAB IV/APOLLO WINDOWS 

Uel S. Clanton, Herbert A. Zook, and Richard A. Schulta 

PURVEY OF PROBABLE MICROMETER-SIZED EARTH-ORBITAL DEBRIS 
FRAGMENTS IN THE NASA/ JSC COSMIC DUST SAMPLE COLLECTION 
u. S • Clanton and T* L* Gooding • •••#<»••••«***** 


IMPACTS ON EXPLORER 46 FROM AN EARTH ORBITING POPULATION 
Donald J . Kessler 


IN SITU DETECTION OF MICRON-SIZED DUST PARTICLES IN NEAR-EARTH 
SPACE 


E. Grun and H. A. Zook 


PARCS SMALL SATELLITE TEST - 1976 (CLASSIFIED) 
T. Lennerta (PAPER NOT INCLUDED) 


POTENTIAL HAZARDS OF DEBRIS CLOUDS (CLASSIFIED) 
N. L. Johnson (PAPER NOT INCLUDED) 


SESSION 3. SPACECRAFT HAZARD 
AND SHIELDING REQUIREMENTS 

HYPERVELOCITY IMPACT INVESTIGATIONS AND METEOROID SHIELDING 
EXPERIENCE RELATED TO APOLLO AND SKYLAB 
Burton G. Cour-Palais 


SOLID PARTICLE ENVIRONMENT AND PROTECTION FOR THE GALILEO 
ORBITER (VIEWGRAPHS ONLY) 

Andrew J. Beck and Robert Bamford 


SPACE DEBRIS PROTECTION FOR A REUSABLE ORBITAL TRANSFER VEHICLE 
Eldon E. Davis and Ray Sperber 


PARAMETRIC ANALYSIS: SOC METEOROID AND DEBRIS PROTECTION 
Robert Kowalski 



SPACE HEAT REJECTION RADIATORS; METEOROID/DEBRIS CONSIDERATION— 
J. Gary Rankin 


SESSION A. SPACE OBJECT MANAGEMENT 

SATELLITE SERVICES AND ORBITAL RETRIEVAL 

Rudolph J, Adernato ............ ........... 

A REMOTELY CONTROLLED ORBITING RETRIEVER 

Marshall H. Kaplan 

THE LONG TERM BEHAVIOUR OF EARTH ORBITS AND THE IMPLICATIONS FOR 
DEBRIS CONTROL 

Alan C. Mueller 

DEBRIS IN THE GEOSTATIONARY ORBIT RING: "THE ENDLESS SHOOTING 
GALLERY" - THE NECESSITY FOR A DISPOSAL POLICY 
David H. Suddeth 


SESSION 5. POLICY CONSIDERATIONS 


SPACE DEBRIS: AN AIAA POSITION PAPER 

Malcolm G. Wolfe 

THE INTERNATIONAL ENVIRONMENT: UNISPACE 1982 AND THE ITU 

Dean Olmstead * 

TRANSMISSION AND ORBITAL CONSTRAINTS IN SPACE-RELATED PROGRAMS: 
BRIEFING SUMMARY 

A. L. Hlebert 

AIR FORCE ORBITAL POSITION MANAGEMENT POLICY 

D. Hyland 

AIR FORCE SATELLITE POSITION MANAGEMENT 

R. Davis 

ORBITAL DEBRIS POLICY ISSUES /BATTELLE INVOLVEMENT AND SOME 
PERSONAL OBSERVATIONS 

Donald S. Edgecombe 

CONSIDERATIONS FOR POLICY ON MAN-MADE DEBRIS PROPAGATION CONTROL 
D. Fielder * 




PftRG 


SESSION 6. StDffilARY REPORT OF WORKING GROUP SESSION 
MO DISCUSSIONS 

ENVIRONMENT DEFINITION, LARGE PARTICLES 

Don Kessler ••••••••••«••*••» 

MODELING 

Herb 2ook 

MEASUREMENTS 

Andrew E. Potter • 

ENVIRONMENT DEFINITION, SMALL PARTICLES, DIAMETER S 1 MM 
Barney Roberts 

SPACECRAFT HAZARD AND SHIELDING REQUIREMENTS 

Burton Cour-Palais 

DISPOSITION TECHNIQUES 

J. P. 

POLICY CONSIDERATIONS 

Dennis Fielder * * 


419 

421 

424 

426 

430 

436 

437 


vlll 








ATTENDEES 


Adornuto, Rudy, Grumman Aerospace 

Armltage, Pete; NASA/JSC 

Ball lie, Richard; NASA/JSC 

Barbierl, Lou; NQAA/NESS 

Basu, J.; NASA/JSC 

Braeh, David Capt.; NORAD HQ 

Bristow, R.3.; NASA/JSC 

Brudos, Jim; Lockheed 

Bulgher, Debbie; NASA/JSC 

Cehelsky, Marta Dr.; Nat. Scl. Foundation 

Chen, Ralph; NASA/JPL 

Chobotov, V.A. Dr.; The Aerospace Corp. 

Cintala, Mark J.; NASA/JSC 

Chu, Adam; Lockheed, Sunnyvale 

Clanton, U.; NASA/JSC 

Cour-Palais, B.; NASA/JSC 

Crews, Jeanne; NASA/JSC 

Culbertson, P.E.; NASA Hqs. 

Dalton, M.; NASA/JSC 

Davis, Richard Capt.; Space Division AF 

Davis, Eldon; Boeing Aerospace Corp. 

Duke, Mike; NASA/JSC 

Ebersole, Harvey; Battel le Columbus 

Edgecombe, Donald Dr.; Battelle Columbus 

Fielder, D.; NASA/JSC 

Fraser, William; HQ AFSCF/ROSR 

Gabbard, John; NORAD HQS 

Gabel, Elizabeth; Northrup 

Gooding, James; NASA/JSC 

Grun, Eberhard; Max Planck Institute 

Hall, Alvin; HQ AFSCF/ROSR 

Hartung, Jack; NASA Hqs. 

Hechler, Martin; European Space Agency 
Hiebert, A.L.; The Rand Corp. 

Horz, Fred; NASA/JSC 

Humes, Donald; NASA/LARC 

Hyland, David Capt.; HQ Air Force Pentagon 

Isaacs, Drew; Lockheed 

Jenkins, Lyle; NASA/JSC 

Johnson, Nicholas; Teledyne Brown Eng. 

Jost, Ji.rry; NASA/JSC 

Kaplan, Marshall H. Dr.; Spacetech, Inc. 

Kessler, Don; NASA/JSC 

Kowalski, R.; NASA/JSC 

Krishen, Kumar; NASA/JSC 

Lamping, Neil Col.; NORAD HQS 

Lennertz, T. Major; SAF/SS, Pentagon 

Livingston, L.E.; NASA/JSC 

Loftus, Joe; NASA/JSC 

Lowe , J . ; NASA Hqs . 


Manley, Paul; NASA/JSC 

Martin, John; COMSAT Operations 

MaeCuish, Earl; The Aerospace Corp. 

Macklnnon, lan; Lc-ckheed 

May, Col; NORAO HQS 

McCaskill, Greg; NASA/JSC 

Morgan, Steve; Lockheed 

Morgan, Tom; Southwestern University 

Morrison, Karen; NASA/JSC 

Mueller, Alan; Univ. of Texas 

Neste, Sherm Dr.; General Electric Co. 

Oberg, Jim; NASA/JSC 
Olmstead, Dean; NASA Hqs. 

Plummer, Bob; Teledyne Brown Eng. 

Potter. Andrew; NASA/JSC 

Rand, James L.; Southwest Research Inst. 

Rankin, Gary; NASA/JSC 

Reynolds, Robert Dr.; Battelle Columbus Labs. 

Robbins, Don; NASA/JSC 

Roberts, B.; NASA/JSC 

Ruck, George; Battelle Columbus 

See, Tom; Lockheed 

Simpkins, Gary; Martin Marietta 

Stanley, John; NASA/JSC 

Su, Shln-Yi; Lockheed 

Suddeth, David; NASA/GSFC 

Sanquinet, Joe; Santa Barbara Research 

Thompson, Tommy; Lockheed 

Well;, Curtis; Lockheed 

Warren, Jack; Northrup 

Wesselski, Clarence; NASA/JSC 

Wolfe, Malcolm G. Dr.; The Aerospace Corp. 

Zook, H.; NASA/JSC 

Zrubek, W.; NASA/JSC 


lx 


"V 




'****•' 






SUMMARY OF WORKSHOP ACTIVITIES 


On July 27-29, 1982, the Space Science Branch of the Johnson Space Conter 
conducted an Orbital Debris Workshop. The workshop was attended by 90 persons 
representing NASA, 000, other government agencies, private companies and 
universities. A total of 37 papers were presented In the areas n E " v p Sbioct 
Definition, Spacecraft Hazard and Shielding Requirements, and 4 5j2 et 4n ?? 
Management. After the formal presentations, the attendees ^vdednto six 
working groups: Environment Definition was sub-divided Into three groups. 

Measurements of Largo Particles (those originating from payloads, rocket 
bodies and the fragmentation of both), (2) Modeling of Large Particles, and 
(3) Measurements of Small Particles (from solid rocket motor products). The 
other groups were (4) Spacecraft Hazard and Shielding Requirements, , and Space 
Object Management, which was sub-divided into the two groups (b) Disposition 
Techniques, and (6) Policy Considerations. The conclusions reached by each 
group were presented by the group chairman to the workshop for discussion on 
the final day. 


Environment Definition 

Capt. Brach discussed how NORAD capabilities have increased in response 
to the increased use of space. Even though they are charged with the 
responsibility "to detect, track, and Identify all man-made objects in space , 
it was concluded in the workshop that this capability only e£Jj>ts for c bjeots 
larger than 1 meter in diameter. John Gabbard, also from NORAD, reviewed the 
69 known explosions in space to date, plus 9 events over thG last t *'° 

one-half years where several large fragments have been observed to separate 
from older payloads, most in polar orbit. Although there is some evidence 
that one or more of these explosions or events may be the consequence of 

collisions, it was concluded that we do not currently have sufficient data to 
know what a "collision signature" would look like from ground tracking data. 

Don Humes from Langley Research Center summarized the work conducted 

there between 1973 and 1975. They researched existing expl ? S10 "J ****• 
conducted hypervelocity fragmentation tests, and modeled these data, together 
with the NORAD data. They concluded that the orbits of small untrackable 

explosion fragments disperse along the orbit very rapidly, an remain in orbit 
for a significantly long time. They also concluded that an untrackable 
population even more numerous than the tracked population must exist in orbit. 


Modeling 

Corp., Bob Reynolds 


results were presented by Don Humes, Val Chobotov from Aerospace 
from Battel le, Shin-Yi Su from Lockheed, and Don Kessler 
from JSC. All modelers concluded that the probability of a large structure 
(approximately 100 meters in diameter) colliding with a currently tracked 
object in low earth orbit is already sign1f1cant--approximately O.i in a 10 
year period. When Lockheed, Battel le, and Langley added their current 
estimates of the untracked popul tion, this probability grew 3 to 5 times 
larger. Battel le and JSC studied fragmentation resulting from collisions. 
This fragmentation process was concluded to be Important for 2 reasons: (l) it 
can quickly produce a population of objects that is orders of magnitude larger 
than the current tracked population, (2) The frequency of subsequent 
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collisions could locreaso o*ponontUlly wUh time /("“uf^^ho^pSssrbfe 
presented In « classified session, both of whicn 
existence of a current untracked population. 

Several papers were presented on ^on^fydod tha^mfTrbttlng 

smaller particles In space Sherm .leste from 6. • . ® op tieal (Ildar) could 

satellite with either radar, passive optical, or act » P- hm> A stu(Jy by 

detect and determine orbits and size of particles _ as oartieles at LQOQkm 

Tom- Morgan of Southwestern Un1v “'[* 1 1 1 S[ rt S 0 ISl!f!J ©otfeaV techniques. Evidence 
could be detected from the ground using pasi i1v« q us1nq the same 

SU’WttSSqSSS* ‘O **•« «'• tr " 1 produc * 

by small meteors. 

The workshop concluded that we Obtaining °th1s data 

space smaller than approximately 4cm roncluded that impacts with 1cm 

should have the highest priority. It was < “ * Ian 

particles would certainly d J”! 9 e «st spacecraft and ™P» ted _ HowcV e r , 
particles might damage spacecraft! depen 9 Galileo spacecraft to 

It was pointed out that sMeldlng was added to ^spot much higher than 
protect it from 0.1mm particles traveling email debris population 

vsrsst: f 

Vo°yntl.'o^us ^ -nc^ed 

sufficient data, nor 1 en e v Vronment In low earth orbit, 

environment at geosynchronous altitude to the environment 

Data were presented 111ustr . a .M n J ocket^urn ° U Tnhough^^ of these 
which are produced during a solid rocket burn * 9 a sinall fraction 

particles are retro-fired during an en 9'J® ^narentlv P do’ measurably affect 
would be expected to remain orbl J b d Zoo f p Uel Canton and Don Kessler, 
certain experiments in earth ^it* ayneHments which were designed to 

all of JSC. presented papers describing ^ a rt Tficial orbiting 

detect meteoroids , but appear to have also detecteo^ meteorQld popula tion. 
population which was comparable to, - w l Ld crQ * ns f 0 go microns, these 

Since the impacting sizes ranged from onjy/ ^ m ^rons to «u me* 

particles should not seriously damage “ ( ® f these experiments and 

compromise the scientific and ®ng h , HEOS-2 experiment reported on 
have raised questions about others. such as *' he S. ,, ! w P a s concluded by the 
by Eberhard Grub of the Ma*-Plarck Institute. J. h , u , s • \« r t 1c les ls 1 «P 0 rtant . 
workshop that the environment created by these sma ! n J d d Y rectly as well as 

iSiSrirH 1 « 9 p fr r 

understand the lifetime and long-term effects of these particles. 


Spacecraft Hazard and Shielding Requiremen ts 


Several papers were presented describing past efforts to take * 
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described the hypervolocity testing performed during the- Apollo Program, and 
h:w this was used to shield certain Apollo sub-systems from meteoroids. Ralph 
Chen from JPL described the procedure used for determining the extra shielding 
required to protect Galileo against the inc-reased meteoroid environment found 
around Jupiter. Kldon Davis, from Boeing, and Bob Kowalski and Gary Rankin, 
both from JSC, described how the meteoroid and debris environment affected 
Orbital Transfer Vehicle (QTV) and Space Operation Center (SOC ) design. They 
all concluded that extra shielding would be required for protection and thus 
would affect the design of the systems that they Investigated. They pointed 
out that there were many other systems on SOC to be investigated. 

Although a large amount of hypervelodty testing has been conducted in 
the past, the workshop concluded that a significant amount of new work is 
required. A literature search is required to pull together all of the 

existing appropriate data. New system damage criteria will have to be 
established for the new breed of space vehicles because of reuseabitity. 
recycling, and refurbishment planned for the future. "Survivability* 
classifications, similar to those currently used by the military, were 
recommended. These classifications would correspond to various levels of 
mission success, such as "crew alive, but mission terminated", etc. Because 
many new spacecraft components will have unique construction requirements, or 
materials, generalization about the consequences of hypervelodty Impacts is 
not always possible and new tests will sometimes be required. 

Space Object Management 

Several papers described techniques to dispose of satellites in orbit. 
Satellite retrieval using the Orbiter was discussed by Rudy Adornato of 
Grumman, and retrieval using a remotely controlled orbiting retriever was 
discussed by Marshall Kaplan of Spacetech, Inc. The major advantages of the 
remotely controlled retriever are that more than one object per launch could 
be retrieved, it could go to higher altitudes, and it could collect satellites 
which were not designed to be retrieved by the Orbiter. Alan Mueller of the 
University of Texas, discussed how lunar and solar perturbations can be used 
to remove objects In geosynchronous transfer orbits, and how these 
perturbations affect objects in geosynchronous orbit. Theoretical studies, 
confirmed by NORAD tracking data, have shown that by constraining launches to 
various regions of geosynchronous orbit to certain times of the year, the OTV 
can be made to reenter within a year. Dave Suddeth from Goddard gave his 
reasons for recommending that NASA adopt a policy to minimize the number of 
objects left in geosynchronous orbit. He pointed out that both Intelsat and 
NOAA already have a written policy to desynchronize unusable spacecraft into 
higher orbits. 

It was concluded by the workshop that while low cost techniques to 
minimize debris propagation should be encouraged and continued, we do not 
sufficiently understand the cost or effectiveness Of the more expensive 
techniques (such as satellite retrieval) to recommend their implementation. 
More studies are required to understand the cost of implementation. These 
costs should then be compared with the risk of not Implementing them. It was 

also concluded that very different techniques may be required for low earth 
orbit and geosynchronous orbit. 

Under policy considerations, Malcolm Wolfe, Aerospace Corp., discussed 
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the background and conclusions of the A I AA Position Paper, "Space Debris . 
The A l AA recognized that the Issue of space debris Is real and that there is 
an Immediate need for bo.h a national and international space policy and 
treaty. Dean Qlmstoad from NASA Headquarters reported that the U.s, does plan 
to make a "statement of principle" concerning orbital debris In geosynchronous 
orbit at the UNISPACI Conference next month. Although radio frequency 
crowding Is a much more pressing problem In these orbits, there Is a popular 
perception by the developing countries that physical crowding Is Important, 
and therefore orbital debris In geosynchronous orbit will receive an 
Increasing amount of attention. However, there Is a connection between 
collision potential and radio frequency allocation. For example, as A1 
Hlebert, Rand Gerp., pointed out, If a satellite Is moved In order to avoid 
collision, both national (FCG A NTIA) and International (IFRB/ITU) frequency 
management programs must be consulted. 


Two Air Force Orbital Position Management, papers described the perception 
of polley makers, and the current Air Force plans and procedures. Capt. 

Hyland from Hq, Air Force, noted that the debris problem must first be 
identified, then stated In layman terras, In Identifying the problem, the 
detection of smaller debris will be required but national defense priorities 
make It difficult to assign NORAD sensors to detect small debris. Capt. 

Richard Davis, from Space Division, endorsed NASA's planned research as being 
essential to understanding the cost effectiveness of any requirement or policy 
on the space user community. Both Air Force speakers believed the workshop 
and any follow-on activities would provide an excellent start toward 
identifying the Issues which could later be resolved by policy and 
international treaties if required. 


Don Edgecombe, from Battel le, summarized many unresolved policy Issues 
such as the characterization of risk, need for Immediate 
national-international coordination, and military implications. Both Don 
Edgecombe and Dennis Fielder, JSC, stressed the different aspects of policy 
which could either be defined In terms of objectives and general guidance and 
remain fixed, or contain specific recommendations of procedures which may 
change as new problems arise. 

The workshop concluded that it is too early to propose specific national 
or International policy, although there was a consensus that, a policy would 
eventually be required. More technical Information Is required, especially in 
the area of environment definition for objects less than 4 cm In diameter. 
The spacecraft user community must become involved, especially In the areas of 
Spacecraft Hazard and Shielding Requirements and Space Object Management. For 
the immediate future, the workshop concluded that NASA should continue as a 
lead agency to focus and coordinate debris related Investigations, information 
exchange, general activity planning, and development and formulation of 
prospective civil policy approaches. The adoption and use of low cost 
measures that decrease debris propagation, such as reducing the Incidence of 
unplanned explosions, using reentering trajectories for planned explosions, 
and the adopting of antl-Htter design and operations habits should be 
encouraged. Finally, the participants in the workshop expressed the need to 
formalize a program structure, through an Interagency space debris working 
group, which would develop a program plan and coordinate research and future 
activities, Including subsequent workshops. 
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Evaluation of Workshop 


This workshop represented the first time that all of the various elements 
of space debris work have boon collected and discussed before a diverse 
2!fmKo nce I? Participation was larger than originally expected, both In the 
S^LJtLKnw P pese " ted » «*nd , <r ' audience participation. The workshop audio 
nt eo /^ and 5P e v ^wgraphs have been distributed to participants. Within 
w1?l To* ^ bl? ^ 0n ^ s * a 0 ' tbe P a P ers and the conclusions of the workshop 


P p ®f a f a ^°as and discussions Illustrated a basic conflict 
available: Based on the population of objects known to be In 

oielet PA«? 4 Ki 08U h t e f mm cataloguing, there Is no problem wit., debris, 
J* e ®P£ when 1a rge Structures are built In lew earth orbit, Thus, one 

lLjmKi te n Ignore the issue. However, based on limited data and reasonable 
\ t lJl 9n< £ kant P 0 P ul *at1en of uncatalogued objects can be modeled 
i!.!Tvi Ct P rob l ems ^ 0f fflueb seller spacecraft. However, the test of these 
assumptions requires that one not Ignore the Issue, and obtain more data. It 
ki«.fJ ea r possible that the problem for smaller spacecraft can be either 
b f'^. er * 0P wdPS t, than P r ©dieted by the current models. *. terefore, the 
SlP 1 !!? Jl ut ?* e h *9 hest priority on obtaining new data on objects smaller 
diameter. Such data are not only Important In the current design 

2!hr?? e ,I?n°k S ° f *P # fJf raft » bub they are Important In understanding how soon 
debris will be a significant problem. 


_ kl H? workshop produced an increased awareness of the consequent .$ of m*. 
r[?! !!L C ! IIS ! b y PO.r^Cles ejected by solid rocket motors f s : r**d n space 
Sn! j Presented which showed that at least one sete.-'^ic experiment and 
Ineerlng experiment have had their conclusions seriously compromised 
d^Hft«°^ th fL preS t n i1 of A he , se orbiting solid rocket owtor products. The 
the J? e k e J Wa11 Port^les by orbiting experiments clearly Illustrates 

^1, * n m ® nma de particle flux in earth orbit can be measurablyy 

• ?! f 1 X of artificial debris in low earth orbit has thus been 
^*5? extrem . e ?(Ze s-;the very small particles (by meteoroid impact 

J22I2ki! 1 th ! very . l? rse obj ! cts (by N0RAD) ‘ In hoth cases, this flux was 
comparable to, or greatly exceeded, the natural meteoroid flux. The flux of 

u Slzes . k hich is most Hkely t0 affect spacecraft design and 
reliability has not been measured. 


c I h ® workshop provided an excellent opportunity for NASA, NORAD and the 
flLi 1? to exchange their viewpoints, and bring all participants to a common 
-° f understandirtg Once this level was achieved, there seemed to be a 
concensus on the direction of future research. That is, whether the objective 
»Lhi J* 6t i rm1, l e 4 tbe r e ; s a problem, or to seek a solution to an obvious 

’ he / ir 5 t i ta f k 1s the sawe * n both cases- define the environment 
b ® bt ® r ; ** new data become available, there is an obvious need to maintain 
dialogue between all interested parties; however, there is currently no forum 
to do trns. 


It appeared obvious from the technical papers presented and the 
discussions which followed that orbital debris can affect spacecraft desiqns 
and operations in the future. The extent to which these designs and 

operations are affected, and the timing and content of future policy are important. 
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Recommendations Resulting from Workshop 

The results of the Orbital Debris Workshop reaffirm the. need for research 
to better understand the character of orbital debris, Its effeets on future 
spacecraft, and the related requirements for policy. A clear charter Is 
required for this research to receive the necessary support, focus, and 
coordination. It is recommended that NASA assume the role of lead agency. 
The first task Is to develop an overall plan with both 000 and NORAO 
participation. The immediate emphasis of the plan should be in performing the 
necessary tests, experiments, and modeling which are appropriate for defining 
the environment of orbiting objects which are smaller than Is currently being 
detected and catalogued by NORAD. The plan should Include research In the 
major areas of Environment Definition, Spacecraft Hazard* and Space Object 
Managements. Tasks to be performed in each of these areas are as follows: 

Environment Definition 


The major emphasis relative to LEO should be placed on defining the 
environment for sizes smaller than 4cm in diameter. This can be accomplished 
through a combination of laboratory tests, modeling, and ground-based 
observations of orbiting debris. Ground-based detection techniques can be 
developed to see smaller particles In orbit. Laboratory hypervelocity and 
explosion tests can be performed to determine the effects and "signatures" 
(size and velocity distributions) of these events, which can be used in 
modeling and analyzing NORAD break-up events. NORAD's capabilities to track 
smaller objects should continue to be used to the fullest extent consistent 
with NORAD's basic national security mission. However, since both NORAD and 
advanced ground-based sensors are limited In their ability to track small 
orbiting objects, research should continue toward defining and developing a 
space based sensor to detect even smaller debris. A low-cost, light-weight 
sensor capable of being flown piggy-back on a number of different missions 
appears to be the best approach to covering the wide range of altitudes for 
which data are needed. 

Nothing at all Is known about debris below 1 meter in size at GEO, and 
ground-based techniques are at or near their lim<ts. A small, optical sensor 
in GEO could provide important new Information about this valuable region of 
space. Conceivably, an existing sensor In GEO could provide this data; if 
not, a light weight sensor could be constructed to fly piggy-back on a planned 
payload to GEO. The cost of flight requirements make joint Air Force-NASA 
efforts desirable for both LEO and GEO. 

Spacecraft Hazard 


The damage to spacecraft resulting from collisions should be determined 
by compiling all the available data on hypervelocity and relevant low velocity 
impact tests. New tests are required for composite materials. Damage 
criteria should be established to reflect the new generation of spacecraft 
planned for the future, and to reflect various types of failures. 

Space Object Management 

A more detailed analysis of the cost and impact to future operation is 
required of the various techniques to control the environment. In addition, 
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new concepts should be encouraged and evaluated. Until the effectiveness of 
active techniques to control the environment is understood, it is recommended 
that the U.S. study and encourage the use of spacecraft designs and operations 
which will minimize the generation of debris in orbit, such as: 

1) reducing the incidence of unplanned explosions, 

2) use reentering trajectories for planned explosions, 

3) adopt anti-litter design and operational habits, 

4) use solar and lunar perturbations to reenter objects in geosynchronous 
transfer orbits. 

Concluding Remarks 

All of these tasks have been proposed in some detail by NASA/JSC In the 
past. However, the recommendations contained here reflect a change in 
emphasis resulting from the workshop. The major changes are to delay a space 
experiment, increase emphasis on ground-based observations and laboratory 
tests, and increase emphasis on compiling the results of past impact tests and 
damage criteria. Although NASA should continue to be the lead agency in 

implementing these tasks, Air force participation is essential and channels of 
communications should be fully explored and used. A joint plan, detailing the 
tasks to be performed and the individual responsibilities should be prepared 
jointly by NASA and DOD. A continuing forum, consisting of representatives 
from NASA and DOD should be established to update the plan, as appropriate. 
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SPACE DEBRIS ASSESSMENT 
10-YEAR PROGRAM PLAN 
PROGRAM TECHNICAL PLAN 


1,0 Introduction 

Prior to 1970 , a slgnlf leant amount of re ^ earch / as C h?!I?rt5na rf soacecraft 
the meteoroid environment and to develop Although shielding was 

aga 1 r>st particles Impact ng , at very h f SS 

required for some spacecraft, the basic structure 

reliability for meteoroid protection for most § f ac ®jr a {a' Qa1ns { Meteoroids 
meteoroid environment defined, with techniques to shield against meteo 

" SSlttS&fi at both the Johnson Space Center and^he 

the numerous explosions In space, but still affecting only large scruccu 

These activities were also terminated. . Center oredlcted that 

In the late 70 ( s, investigators at the Johnson Space Center predict 

if past growth trends continue, within the next 10 to *u years, ay 
of particles will be generated as a consequence o uoinritv of these 
artificial satellites. The number, size and JaiaU 

particles could be sufficient to represent a greater jjjjge^ 

potential to most spacecraft in low b lxneriments conducted by NORAO 

natural meteoroid environment. In addition, expenmen tracked by the 

confi mied that a population of orbiting <*J«ts ft ft too small 

ooerational radar system now exists. Even though these oojeci th ir 

already represent a damage potential much greater than the ambient 
eftVl K2nt t results from three meteoroid Impact sensors (two flown on Sky lab, 

ftftlT Wa^SfC^’a fton^rcorrelfton with coliO jockots flreO 

""{JiiWSSB largftand longer Ooratlon spacecraft In the 80's 
increases their sensitivity to possible damage from t he 

larger meteoroids and space debris. In 

?^^SslSrni™i;r 'orf^^e m spI«c^ff ;^?iSl S T ay T^ Sr2sp«t that these 
spacecraft Tay be exposed to an Increasing artificial eh, Ironmentjhlch 

exceeds the natural environment means that even more C hi«»iHinn it i* 
required .As mi ss 1 on costs Increase with the amount of shielding, it is 




Important to define the debris environment so that no more than the necessary 
amount of shielding Is added • 

A more Important reason to define the environment may be to evaluate the 
Importance of reducing the population growth. 
population growth have recently become obvious. 0n, y •* ,?*,.!£?* 
population represents operational payloads, leaving 95% as orbital 
Rost of this debris resulted from either Intentional or accidental explosions 
In space which could either be eliminated or reduced In frequency. The 
mixture of these explosion fragments and old rocket bodies and P a y’® a ^ 
represents the primary source of future collislonal fragments; hence the 
retrieval of large objects would eliminate potential fragment sources. 
Techniques to cause objects to reenter using solar perturbations exist. 
However, whether any of these or other techniques to control the future 

environment should be used depends on their cost and ®£ fe j; t ^ en ® s s uinina to 
against either the future spacecraft failure rate or the cost of shielding to 

rninlmjze plan is t0 describe the necessary studies, analysis, 

and experiments to determine which policies should be pursued. 


2.0 Objectives 

The objective of this program plan is to develop the decision tools and 
the management schemes necessary to minimize the hazard 

orbital debris in a cost effective manner. In order to obtain this objective* 
several short term objectives are required: 

(1) Using appropriate modeling, ground experiments, and flight 
experiments, develop the capability to define the orbital debris environment. 

(2) Using appropriate ground tests and systems analysis, develop the 
capability to evaluate the effect of this environment on spacecraft. 


(3) Using appropriate studies and the results of tests, develop ^ 
techniques of either controlling the environment or protecting spacecraft .rom 
the environment. 

(4) Develop an algorithm which will evaluate the costs versus savings of 
either controlling the environment, shielding from the envi.onment, or doing 
nothing. 


(5) Develop the rationale for establishing policy positions. 

(6) Develop the capability to monitor the effects of any policy position 
and the mechanism to change that policy when necessary. 
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J.O Justification and Rationale 

3.1 Debris Environment Definition 

3.1.1 Modeling - A mathematical computer model translates 
applicable experimental measurements Into the pertinent Information required 
when that Information cannot be measured directly. Experimental measurements 
are sometimes replaced by "reasonable assumptions," especially when 
extrapolations are required, the pertinent Information -required deals with 
spacecraft failure rates, now- and In the future* caused by collisions with 
orbital debris. Major experimental measurements consist of the ground 
detection of earth orbiting objects, ground explosion tests, and hypervelocity 
Impact tests. Some of these measurements to date are Inadequate* as shall be 
detailed later. Reasonable assumptions are required to predict future 
atmospheric densities (solar activity), and future space activities. Also, 
some of the hypervelocity impact tests are performed at energy levels which 
are different than those expected In space, so that extrapolations in energy 
are required. 

Equations have already been developed which relate orbital elements to 
collision probabilities. However, the major problem In developing a computer 
model is in computer limitations. As a consequence of colllslonat 
fragmentation, literally millions of objects must be handled by predicting the 
collision potential of each through all volumes of space which they may pass* 
now and In the future. This large amount Of data and computations precludes 
handling each of these objects on an Individual basis. Statistical approaches 
have been developed and must be developed further. 

When known, the physical characteristics, launch date, source, or any 
other characteristics of each satellite should also be maintained. This will 
allow for the examinations of trends and the discovery of principal sources. 
The physical size of objects is Important in determining collision 
probability, although a measure of the physical size is obtained from radar 
cross section. How an object may fragment is also a function of physical 
characteristics . 

Current launch traffic models do not list every object which is placed 
into orbit during the launch of a particular payload. Usually, a rocket body 
does remain in orbit for each payload launched, and these objects are usually 
tracked by NORAD. However, smaller objects* such as attachment fittings, 
springs, clamps, etc. are not listed in any traffic model, and these objects 
are not tracked by NORAD. 

3.1.2 Ground -Experiments 

3.1.2. 1 Spacecraft Fragmentati on Experiments 
Although some ground experiments have been performed to determine 
the probable distribution of space debris fragments resulting from satellite 
disintegration, more studies are required to accurately model the current and 
projected environment of small debris. Fragmentation tests in the past have 
been sufficient to define some issues, but are inadequate to develop a 
definitive model. Explosion tests have mostly consisted of thin walled 
cylinders, bombs, shells, or grenades. Data were obtained from the ground 
explosion of an Atlas missile tank. However, no ground tests have been 
performed on any object which is known to have exploded in space, such as the 
Delta 2nd stage, or Agena stage. Only two tests to determine the size 
distribution due to hypervelocity impact into a spacecraft structure have been 
performed. These tests used a relatively small (.37 to 1.65 gram) projectile 
fired at a relatively low velocity (3 to 4.5 km/sec). The tests yielded a 
size distribution similar to the many similar tests into basalt. However, the 
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basalt tests revealed a fragment velocity which increased with decreasing 
size, whereas the analysis of the spacecraft tests was only analyzed 
sufficiently to determine that the fragment velocities were very 1-ow. These 
velocities are necessary to determine the amount of fragment mass which is 
ejected into different orbits, on reenters. 

3. 1 .2.2 Ground Observations 

The ability of NQRAO to detect and track objects in Earth orbit 
varies with altitude. Below 6000km, radar systems are the principle means of 
detecting objects. Most objects detected by radar are larger than IQcm in 
diameter. Above 6000km, radar efficiency is reduced to the point that optical 
tracking is required. The optical technique currently uses a Baker-Nunn 
camera, which can detect a i meter object In geosynchronous orbit. Within a 
few years, an electro-optical system will be operational and will Improve that 
capability slightly; however, the principle advantage to this system Is Its 
quicker turn-around time of data. 

Two radar ground experiments have been performed In order to test 
NORAO's ability to track small objects in space. These tests, using the PARCS 
radar, only slightly Increased the sensitivity of the operational system* but 
did reveal an untracked population. However, both the PARCS and operational 
radar system are limited by the radar wavelength at which they operate. 
Objects smaller than about 10 cm are Small compared to the radar wavelength, 
and hence become very difficult to find and track. Similar tests could be 
performed with available shorter wavelength radars enabling the minimum size 
detected to be reduced. According to a study by General Electric Co., the use 
of optical tracking in low earth orbit could reduce the minimum size even 
further to approximately 1 cm. However, the electro-optical system developed 
for NORAD is currently planned to only track at orbital altitudes above 6000 
km. Changes in their Software could allow it to be used to track in low earth 
orbit. 

3.1.3 Other Data Sources 

Less direct techniques to determine the untracked population may be 
available. For example, some satellites have obtained abnormal data or shown 
abnormal behavior which could be interpreted as detection of, or impact by 
orbital debris. It is expected that a more thorough search for, and 
examination of, such data may reveal more clues to the current untracked 
population. 


3.1.4 Flight Experiment and Oebris Monitoring System 
Ground observations of orbital debris are limited in their ability 
to detect objects of Interest to spacecraft, tn addition, some events, such 
as the consequence of USSR anti-satellite tests, cannot be modeled, and 
unforeseen events may cause an environment significantly different than 
predicted by a model. Therefore, model predictions must be tested, and the 
environment monitored so that model assumptions may be tested and updated as 
appropriate. Such a monitoring system must be able to detect a large range of 
object sizes in sufficient numbers to be statistically significant, and to be 
able to discriminate between earth orbiting objects and interplanetary 
meteoroids. Studies conducted in the 60's for meteoroid applications 
demonstrated the feasibility of using both radar and optical techniques in 
order to accomplish these objectives. The optical sensor studied eventually 
flew on Pioneers' 10 and 11. Later studies concluded that either of these 
systems could be applied to debris measurements, and that technology 
advancements have been significant since the orginal studies. Although 
sufficient studies have not been performed to identify a preference between 
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optical ,in<l rml.tr terlm 1 «|ut*s , 
lor <t radar technique. 

^ ,na ** er debris particles, as those which may originate from solid 
rocket exhaust, can lie measured by impact sensors. Since the late 60's, 
meteoroid impact sensors have been flown on many spacecraft. Below about 0.1 
mm, the flux of meteoroids, is at least several impacts per sq. meter per year, 
so that a debris flux which exceeds this level could be measured with a few 
sq . meters of collecting area. 

3 • 2 jDfibr i s Hazard Ass essment. 

. lhe probabi 1 i ty of collision is not necessarily the same as the 
probability of sustaining significant damage. Whether a particular collision 
causes significant damage or not depends on the size and velocity of the 
projectile, as well as the physical construction and importance of the area 
impacted. By combining hyperveloei ty impact data and spacecraft systems 
con figuration « t h an environmental flux model, the probability of significant 
damage to any particular spacecraft can be obtained. 

3.2.1 Impact Damage Assessment Studies 

Prior to 1970, a large number of impact tests were performed in 
order to determine the amount of damage which would result from a meteoroid 
impact on a spacecraft. Projectiles, usually consisting of aluminum or glass, 
wu.h masses as large as several grams were impacted on targets at velocities 
?n ? ° Kro/sec. Much smaller projectiles obtained velocities greater than 

10 km/sec. These tests more accurately duplicated the size, velocity, and 
composition of impacts from manmade orbital debris than impacts from 
meteoroids. Thus, the results of these tests are directly applicable in 
determining the amount of damage that debris impacts will cause a spacecraft, 
owe/er, since 1970, some new structures and materials have been developed, 
ccui ate determination of the effects of impacts into these materials would 
requre some additional testing. 

3.2.2 System Damage Criteria 

Whether the hole, pit, or eject a which results from an impact is 
significant or not also depends on the criticality of the system impacted and 
its susceptibility to damage. For example, previous tests have shown that 
very minor pits on the surface of spacecraft windows can cause these windows 
to crack when experiencing the pressures of lift-off. Similarly, highly 
pressurized containers have been shown to fail when only pitted by an impact. 

e complete penetration of a structure may or may not produce significant 
damage. Systems tests may be required to determine if the failed structure 
causes a critical loss in mission capabilities. Hypervelocity tests may be 
to determine if the plasma and particle ejecta associated with the 
penetration will effect electronic components or other hardware, or crew 
safety. In most cases, data obtained from previous tests would predict the 
amount of additional hardware damaged from particle ejecta. 

3.2.3 Mission Success Assessment Algorithms 

During Apollo, and some other missions, eacn subsystem was listed, 
along with its exposed area, and the size meteoroid impact which would cause 
,,i ca !V; damay f* Since the meteoroid environment was not initially well 
, Irl’. h T d ^ta were stored and up-dated as new impact tests were 

beclTk^un \S^ d 'i7 n K 4 ?^ neW , da ^ descr ’ b< "9 the meteoroid environment 

we e ras k h°r;i %: 0 "2^ ! ty ? f 7I s ?J? n success f ™" the meteoroid hazard, as 
. ^ he Ce ? f ” r a ? d, ttonal shielding or redundancy, were quickly 
evaluated. Such algorithms can be generalized to include a variety of 

spacecraft subsystems exposed to both a meteroid and orbital debris 
environment . 
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3 . 3 Space Object Manageme nt Studies 

3.3.1 Control of the Dobrls Envlrpniiig nt 

The only natural removal mechanism for earth orbiting objects Is 
caused by orbital decay from atmospheric drag. However, orbital decay acts 
very slowly and tends to replace objects removed from lower altitudes by 
objects which have migrated down from higher altitudes. Some recent studies 
have demonstrated that other options exist, although most may prove to be 
Impractical. The following are some of these possibilities. 

3 . 3 . 1 . 1 Minimization of explosions In spac e 

Approximately half of the tracked population Is the result of 

explosions In space. Most of these explosions were of old U.S. rocket stages 
which blew up for no apparent reason after years in space. For the last 10 
years, the Delta 2nd stage has been the major contnbuter. Actions are being 
taken to minimize the risk of future Delta explosions. 

Although the USSR anti-satellite tests have not contributed as much 
to the trackable population as the U.S.'s accidental explosions, they could be 
the major contributer to a population too small to be tracked. High intensity 
explosions are known to produce many orders of magnitude more small particles 
than the U.S.'s low intensity explosions. The USSR tests were performed at 
sufficiently high altitudes and most of the debris will remain in orbit. 
However, if these tests were performed at lower altitudes, the fragments would 
reenter at a higher rate and constitute much less of a risk to other 
spacecraft. 

3.2. 1.2 Reentry of orbital transfer vehicles 

Any object placed in GEO leaves behind a rocket body whose perigee 
is in low earth orbit, and apogee is at geosynchronous altitude. This rocket 
body can be made to reenter by a very small velocity change at apogee. The 
velocity change could be made with small thrusters; however, recent studies 
have shown that lunar and solar perturbations can accomplish the necessary 
velocity change over a few years, if the launch is made at an appropriate 
time. Otherwise, lunar and solar perturbations are just as likely to increase 
the perigee distance, causing the rocket to remain in orbit for a much longer 
period. Scheduling launches to cause the rocket body to reenter earlier would 
place another constraint on launch operations. Whether this constraint is 
acceptable or not has not been determined. 

3. 3. 1.3 Retrieval of large, non-operational objects 

Large, non-operational payloads may be the principle source of 
debris generated by collisions in the future. Previous studies have concluded 
that the Orbiter can reach about half of the U.S. non-military payloads. 

Thus, use of the Orbiter to retrieve many of these objects is feasible, but 
may prove to be expensive. Another approach may use permanent stations in 
space where objects are returned to the station and later returned to earth. 
However, to retrieve a large number of objects, many orbit changes would be 
required. The use of an efficient low thrust system (e.g. ion propulsion) may 
be required for the retrieval vehicle. 

3. 3. 1.4 Debris catcher 

Every day an object passes with’n a few tens of km of another 
tracked object in space. Thus, any spacecraft would only have to maneuver a 
few tens of kilometers in order to collide with an object each riay. If this 
spacecraft were large enough to survive the collision and capture the ejecta 
from the collision, then it could reduce the debris population by one per 
day. However, the feasibility of such a system has not been studied. There 
are major engineering problems in the tracking of such objects, in surviving 
the collision, and in containing the ejecta. If the "debris catcher" were a 


few tens of kilometers In diameter* it could collect a tracked object each day 
without maneuvering, plus a significant fraction of the untracked population. 
Light weight foam might be used to construct such a structure, but again, the 
feasibility of^such a system has not been, studied. 

Col 11 si dm with objects too smafTto be tracked cannot be avoided. 

In addition, the current ground system cannot track objects with sufficient 
accuracy to predict a collision. However, It Is conceivable that some 
Improvements In the ground system combined with an on-board tracking and 
avoidance system may be of some advantage. However, feasibility studies have 
not been performed. 

3. 3. 1.6 MmoyaJ_of_sj>acecraft from oeos vnehroo_ous_orblt _ 

Although collisions In GEO are currently not probable, suggestions 
have been made from several sources to place payloads outside GEO before the 
payload fuel is exhausted. Since such a maneuver requires only a small amount 
of fuel. It has already been used once. However, before such a practice 
becomes coonnonplace , care must be taken that either geosynchronous space 
does not become redefined to Include the altitude at which these dead 
satellites are placed, or that the dead satellites do not drift back Into 
geosynchronous space. A study has shown that at Inclinations greater than 
45 , objects may easily drift Into geosynchronous space. However, further 
studies are required. 

3.3.2 Assess Effectiveness of Control Measures 

Associated with each control measure Is a cost, or “investment.' 1 This 
investment will eventually show a return or "savings" through a reduced future 
spacecraft failure rate. Whether the return on any or all of the control 
techniques is worth the original investment has yet to be determined. 

3.4 US Policy and International Agreement 

Currently, there are no formal US. policies or international agreements 
concerning orbital debris. The US. Air Force Space Division has a Commanders 
Policy 550-11 on the subject, informal agreements within NASA have led to 
actions to eliminate objects In geosynchronous orbit, and to minimize the 
chance of the accidental explosion of the Delta 2nd stage in orbit. 
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4,0 leclmi i . 1 1 Approach 

In order to moot the objective ol this program plan, the foil owi n«j tasks 
are required. 

4 . 1 Jlfthr I s l.nv i ronmo nt. Oof i n i t i on 

4.1.1 Mod el De velo pment 

A three dimensional, time dependent mathematical model will be 
developed which translates launch traffic models, debris tracking data, ground 
fragmentation data, and eventually flight experimental data, into particle 
flux as a function of impacting size and '•loeity on any particular 
spacecraft. Since adequate debris traffic models do not exist, part of this 
effort must Include a detailed accounting of planned objects placed into 
orbit. A search will be made for existing data which may indicate the nature 
of the current or future untracked debris population. A significant amount 
of new data will be required from ground and flight experiments as detailed in 
the following sections . 

The mathematical model will be used to obtain a definition of the 
consequences of the projected orbital debris population growth rates. The 
uncertainty in these consequences and the need for additional data will be 
evaluated as the model is developed. Population growth rates will be varied 
to determine the effectiveness of various techniques to control growth. 

4.1.2 Ground Experiments 

A cooperative program will be developed with NORAD as a means of 
obtaining experimental ground tracking data of smaller objects. Emphasis will 
be placed on obtaining optical tracking data in low earth orbit. However, 
should this prove Impractical, tests will be planned using their radar systems. 

Fragmentation ground tests will consist of chemical explosions and 
hypervelocity impact tests. A 2nd stage Delta will be exploded under test 
conditions where both the size and velocity of fragments can be determined. 

The collision between two orbiting objects will be simulated by using a 
hypervelocity gun, where the projectile and target structure have been scaled 
down in size. The fragment size and velocity distribution will also be 
determined. 

4.1.3 Other Data Sources 

A search will be made for other data which may give clues to the 
existing untracked population. Particular attention will be paid to any 
flight experiment data which may have detected debris. In addition the sudden 
failure of some payloads, and the unexpected break-up of some objects in space 
will be examined for a possible collision explanation. 

4.1.4 Flight Experiment 

A study will be conducted to update the 1960's studies and 
technology and determine the most desirable instrument for detecting, and 
obtaining orbits for, orbital debris which is too small to be detected from 
the ground, but large enough to cause significant damage to spacecraft. This 
size range is expected to be between approximately l mm and 10cm in diameter. 

The experiment should be capable of Sampling at least one object every few 
days, and determining its size and orbit. The experiment is expected to use 
either optical or radar measurements to detect these objects, and be a free- 
flying satellite in an elliptical orbit between approximately 400 and 1000 km. 
The need for the instrument to also have an Impact sensor, capable Of 
detecting orbiting solid rocket exhaust particles .1mm, or smaller, will be 
evaluated. A reevaluation of the need for, and characteristics of, a flight 
experiment will be made based on the results of this study, the modeling and 
hazard analysis, ground experimentation, and other data sources. If this 
reevaluation still indicates the need for a flight experiment, or debris 
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inoni tonng system, then such an instrument will he designed, huilt, and flown. 

4 . Debri s Hazard Assessment 

The objective of debris hazard assessment task is to translate debris 
impact rates into spacecraft failure rates. To accomplish this, throe sub- 
tasks are required. 

4.2.1 Impact Damage Assessment Studie s 

A literature search wTTt be conducted to consolidate the impact data 
and models generated from previous experiments. The results of this data Is 
expected to describe the amount of damage to most surfaces when Impacted with 
a projectile of known size and velocity. However, gaps in the data are 
expected, primarily because of some new materials which are currently used on 
spacecraft^ ^Therefore, some new^tests wi 1 l^be^conducted. 

The spacecraft designers and _ bu11ders will be used to assess the 
criticality of damage to various spacecraft sub-systems. In most cases, the 
existing failure analysis can be used. However, tests may be required In some 
cases to determine the extent of damage required to cause a sub-system to fall. 

4.2.3 Mission Success Assessment Algorithms 

The object of this task is to combine the results of the debris 
model, impact damage assessment studies, and systems damage assessment studies 
into an algorithm, or model, which will be used for both engineering design 
studies and to determine the overall environmental cost to the spacecraft 
community. The spacecraft designer will be able to input the nature of a 
particular sub-system, its size, duration and location in space, and obtain a 
reliability for that subsystem. If that reliability is not acceptable, he can 
use the algorithm to determine what design changes are necessary to obtain the 
desired reliability. 

This algorithm will be generalized to evaluate the cost of a given 
debris environment on the overall spacecraft community. Spacecraft type and 
debris environment will be inputed into the algorithm. The output will be the 
expected failure rate or the extra shielding weight required for this type of 
spacecraft in the given debris environment. 

4.3 Space Object Management Studies 

4*3.1 Control of the Debris Environment 

All of the potential control techniques listed in section 3.3.1 will 
be evaluated in terms of their feasibility, impact on space operations and 
their cost to implement. As additional ideas evolve, they will also be 
evaluated using these criteria. Initial emphasis will be placed on 
eliminating explosions in space, retrieval of large, non-operational 
satellites, and removal from geosynchronous orbit. 

4.3.2 Assess effectiveness of control me asures 

An algorithm, or model, will be developed which will compare the 
"cost investment versus savings" for each control technique This alogrithm 
will then be used to determine the most cost-effective techniques of obtaining 
the desired reliability in spacecraft. It will become the basis of 
formulating a comprehensive NASA Management Instruction (N.M.I.), and will 
identify those areas where broader policy may be required, 

4.4 U.S. Policy and I nternational Agreement 

As the resu various studies become known, it may become obvious 

at any point in time v. . a U.S. policy or international agreement is 
required. However, tie elements of this plan an designed to determine the 
most cost effective policies. Therefore, at the completion of the tasks 
within this plan, any existing policies will be reexamined for their cost 
effectiveness. When necessary, new U.S. policy will be formulated and 
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international agreements will be negotiated, The effects of any policies are 
planned to he monitored by the flight experiment/ lebrls monitoring system. 
Should the monitored environment change from the'* expected, policies will 
again he reexamined. 


5.0 Program Schedule and Projected Costs 

f» . 1 .Pcogram Sched ule by Major El ement 

figure S~l depicts the schedule for the major elements of the program. 
Associated costs have been estimated for each of the sub-el aments for each 
major task and are shown In figures 5-2, 5-3, and 5-4. It should be noted 
that these costs must be critically reviewed In the light of projected 
Inflationary factors. 

5 . 2 Project Program Costs 

Figure 5-5 depicts costs oy major elements and yearly PY totals, as well 
as element totals. It should be noted that further analysis will be required 
of the annual sensor deployment and data analysis costs, as well as the costs 
for payload processing at the launch site, data pre-processing and processing, 
establishment of a baseline data base and malntainenee there of. It Is also 
recognized that mission profiles and sensor deployment configurations will 
affect program costs significantly. 


6.0 Program Management and Structure 

It is considered premature at this time to define the program management 
responsibilities and interfaces with other agencies because of the many groups 
and agencies already addressing the space debris problem. However, the NASA 
JSC program management plan will be included in the Program Implementation 
Plan (PIP). 

Figure 6-1 shows a preliminary logic flow of key program elements and 
milestones. The program management structure would be tailored to those 
program requirements. The milestone dates are shown in the flow are tentative, 
but provide target dates for program planning purposes. 
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1. SPACE SURVEILLANCE AND DETECTION 

Thank you very much. It Is both an honor and a pleasure to be able to 
address this workshop today. We* at NORAO* view space defense as our most 
dynamic mission area and welcome any opportunity to tell the Command Space 
story. 

2. SPACE DEFENSE TASKS 

There are three aspects to the Space Defense Mission — satellite 
surveillance, satellite protection and satellite negation. We have been 
doing the satellite surveillance mission for over two decades and by all 
measurement, we do it very well. We have had a negation mission in the 
past, but the protection mission is relatively new. Although I have been 
asked to speak primarily about the surveillance area, I am sure you will 
see that space surveillance is the foundation for the protection and 
negation functions. 

On your program the specific subject of n\y presentation is entitled "NORAD 
Operational System." I have modified that topic just a bit in recognition 
that the overall concern of this workshop is orbital debris. I have 
focused on space surveillance and detection as currently accomplished by 
both ground and space based assets. 

3. OVERVIEW 

The following is what we will be talking about today. To understand the 
space surveillance business, one needs to understand how the current System 
has grown over the years. We will talk about how the system has matured to 
the present, then describe the characteristics of the current system. The 
remaining half of our presentation which deals with the requirements for a 
future surveillance system will not be presented at this time. However, I 
would be happy to discuss this subject with anyone interested later in the 
week . 

4. EVOLUTION OF THE SYSTEM 

The space surveillance system has evolved over 25 years. This evolution 
can be divided into three phases. We are currently in phase three. Phase 
four would be initiated with the fielding of a new generation space borne 
surveillance system. That initiation date is not established. 
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4 * 1 PHASE ONE (1957-1964) 
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satellite during the 1957-58 Intern^H/in i p bo orbit a small scientific 
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rulio systems were radio telescopes, and a system of radio and doppler \ 
receivers. The radars included the Shemya and Otyarbakir , P omfuI \ 

and Cans, the Moorestown and Laredo tracking systems, and the three BM \ 

sites . 

The Command and Control Center which had begun 

arjs 

ft®. the^heyenn^Hount at ^Complex which wa? then under construction. 

As a data point, the Inventory of objects In space had grown to 
approximately 400 by the end of 1963. 

4.2 PHASE TWO (1964-1971) 

4.2.1 REQUIREMENT 

Phase Two was basically a period in which computational capability and 
existing 0 qroundbased systems were upgraded to respond to more demanding 

requirements. For example, in May of 1963, the Air ^ Force 

deploy an operational anti-satellite system. In May of 1964 the Airforce 

completed a successful launch of the system using active for the 

from Johnson Island In the Pacific. This ?f? 9 ram. wh, ( ch was acl tive f. o t 
rest of the decade, was dependent upon positional data from the space ano 
Oetection and Tracking network. 

The second requirement which placed significant demands on the network was 

the need to accurately determine the impact P^^^^'^crlft owSe^s but 
objects. Initially, this was a requirement of U. S. spacecraft owners 
later was formalized in the 1967 Outer Space T ^ a Jy w J^h made States 
responsible for damages resulting from space objects impacting other 

countries . 

This maD (see Figure 2) shows the SPADATS network as it evolved during this 

period/ The network was expanded to include the FPS-85 t^c^vJil laicS- ’ 

This was the first radar designed expressly f f f i? * 
just before LOC, it was modified to include a secondary . . . 

detection of submarine-launched ballistic missiles. The 
of this phased array radar received a major setback when y 

transmitter and receiver antenna faces during Category "/ofthe 
January 1965. Four years later it began operating as part of tne 
Spacetrack System and the SUM Detection System. Almost immediately, the 
FSP-85 was aole to Identify numerous "Unknown Space Objects whicn nao 
earlier been catalogued but never successfully tracked for the Space 
Defense Center. 

The FPS-85 allowed the network to pick up the low inclination satellites 
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Two ll.n«r-Nunn cameras were relocated during this period to their current 

h» d L'° n Vh S? ca,ne [ a wh ! ch had bee " de P ,o yed ^ Chile was relocated at 
L 969 Mt * J ° hn 0l)SGrvatOP ^ <n New Zealand and became operational In October 

The camera In Norway was relocated to San Vito, Italy, and became 
operational In December 1970 . 

The capability of the Baker-Nunn System was also enhanced during this 
Skcl 0d \, The r ? sp0Pse ti(ni t0 search, find, and produce an accurate 

was “IZtaS tllZL'rs to 12%oS"? C5nt ° r Cheyenne M<,unta "’ 

4.2.2 CHARACTERISTICS 

SoarILH haS SJh?; c ° mputationa1 capability was significantly 

developed thlt h eniii'rf e i-aPa Ce 0efenSe Center, more powerful software had been 
acveioped that could take many more forces into consideration such as 

vitiations in atmospheric drag and gravitational forces as functions of 
latitude and longitude. 

?om?^ s c °sr?i e a sj«ne?i5sr?entrr: e up9raded betwaan #ari0US Se " SOr 

CnmmAM Ce rr D !! en ? e C !! n !: er in . Cayenne Mountain came on line in 1966 as the 
5 nd Jommuni cat ions Center. By the end of 1970, the Space 

whfrh SC i Ce . t ?ocJ ad u^ ata ° 9ued a tota1 of approximately 4300 objects of 
which about 1850 objects were still in orbit. 

4.3 PHASE THREE (1971 -PRESENT) 
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A ?* ASAT System * Its very flexibility requires accurate 
tracking data to ensure a successful intercept. 

This is the network essentially as it exists today (see Figure 3). There 
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infill!! 9 of this phase with the operational deployment of a spaceborne 

infrared system. I li talk more about this satellite in the next section. 
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the Congress elected not to continue the ARM system. This system provides 
both missile warning of ICOM and $LRM attack as well as detection and 
tracking satellites. Since it was designed to track small objects 
reentering the atmosphere, PARCS is one of our most precise spacetrack 
sensors. You will be hearing more about the capabilities of this system 
later in the workshop. 

The mechanical tracker and detection fan at Shemya, Alaska, was replaced in 
1974 with a new phased array system called Cobra Dane. This provided 
greatly Increased capability in the number of objects which could be 
tracked simultaneously. Cobra Dane also extends the radar coverage well 
beyond clear BMEWS coverage for detecting and tracking ICBMs. 

On the optical side, the Maui Optical Tracking and Identification Facility 
(MOTIF) was added to the network in 1978. This capability was an 
advancement over the existing Baker-Nunn capability by providing near-real 
time observations on deep space satellites -- those beyond 3000 miles. 

This near-real time capability is provided by linking an optical telescope 
to a television camera and computer. 

About three years ago, Pave Paws phased array radars at Otis AFB, 
Massachusetts, and Beale AFB, California, were added to the network as a 
mission secondary to missile warning. These systems were specifically 
designated to extend the SLBM coverage and data handling capacity; however, 
they also provided precise detection and tracking of satellites. 

Finally, in the command and control area, the Space Defense Operations 
Center (SPADOC) was established in Cheyenne Mountain in October 1979. 

SPADOC replaced the Space Defense Center and was established in recognition 
of the requirement to provide advisory warning to U. S. satellite 
ow.ner/operators of any hostile threat to their systems and to provide 
collision avoidance information. This is the satellite protection role I 
mentioned at the beginning of the presentation. SPADOC will also play a 
very key role as NORAD's operational Command and Control Center of the 
U. S. ASAT system current under development. The F-15 with miniature 
vehicle, when operational, will be our satellite negation capability. 

4.3.2 CHARACTERISTICS 

After being totally dependent upon ground based sensors since 1957, a new 
era was ushered in with the operational deployment of a spaceborne infrared 
satellite in the early 1970 ' s . While this system was deployed to provide 
.a timely warning of Soviet missile attack, the benefits of this 
surveillance system in providing data to the spacetrack network soon became 
obvious. Previously, we had to wait 20-30 minutes to determine whether a 
launch was a missile test or space launch. With this Infrared satellite at 
synchronous altitude we could now make that determination in a matter of 
minutes. 

In the past ten years, several systems have come on line. This has evolved 
from rudimentary beginnings adequate for small numbers of satellites and 
limited tasking beyond space catalogue maintenance, to a system which is 
adequate for the Terrestrial Surveillance Mission today but has certain 
shortcomings in supporting the Satellite Protect and Negation Missions. 
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We have programmed and are funded for several, upgrades to our system which 
will substantially Improve our capability In the coming years. I'll 
briefly touch on these Improvements. 

5. MISCELLANEOUS SENSORS 

5.1 GEODSS 

With the Increasing use of deep space, we are deploying a ground-based 
electro-optical deep space sensor (GEODSS). Basically, this Is a TV camera 
mounted on the back of a deep space telescope tied to a computer that will 
provide tracking data to Cheyenne Mountain. 

5.1.1 GEODSS SITING 

This system will consist of five sites. The first three, located In White 
Sands* New Mexico; Taegu, Korea; and Mau, Hawaii, will be operational by 
the end of the year. Site #4 1$ programmed for Diego Garcia In the Indian 
Ocean, and the U.S. Government is currently negotiating for basing rights 
at a site to cover the eastern Atlantic. 

5.2 PACBAR 

To improve our capability to detect Soviet space launches early In their 
flight and to accurately describe their orbits, we are deploying a series 
of radars termed "Pacific Radar Barrier" or PACBAR In the Philippines and 
Kwajaleln. 

Additionally, the radars at Kwajalein and Diyarbakir In Turkey are being 
upgraded for geosynchronous satellite tracking. 

5.3 SPADOC 

The SPADOC now has been in operation for two and a half years. This is a 
picture of the facility. As many of the functions still are performed 
manually and there Is a requirement to correlate very large amounts of 
intelligence and operational data to meet short timelines, we have a major 
SPADOC upgrade In work. This effort, known as SPADOC 4, Is presently in 
the definition phase. Two contractors are defining and proposing SPAOOC 
specifications and one will be selected In early 1983 to develop the 
full -up capability. IOC for SPADOC 4 is programmed for CY 1986. 

5.4 SURVEILLANCE PROGRAMS 

In addition to the tracking aspects of this mission* there are numerous 
other programs which are supported by the surveillance function. These 
include: early orbit determination Is used to support domestic launch 

programs on determining the initial orbit parameters, SATRAN provides 
notice to subscribers of pass times for satellites* TIP Is the program used 
to track decaying satellites, and SOI is used to find the shape and motion 
of orbiting satellites. 
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ft. SHUTTLE 

NORAD Is also deeply involved in the Space Shuttle program. 

Our support to this critical national program has been in three areas. Our 
primary effort is the prediction of conjunctions between the Shuttle and 
all other objects in orbit. On the last mission you may have heard about a 
close approach to a USSR rocket body. This information was initiated by 
the Space Defense Operations Center in CMC. Additionally, we are prepared 
to support NASA In a variety of contingency conditions. Finally, we 
support the effort for tracking an external tank during Its reentry. 

7. SPACE COMMAND 


In June 1982, the USAF announced the establishment of the Space Command in 
September 1982. This new organization was established in order to better 

m ?fL°w* pr ? Sent and future challenges and give the United States a better 
capability to protect and assert its rights in Space. 


In summation, our space surveillance capability has evolved over the past 
twenty-five years to a point where we do a fine job in handling the Space 
mission and nominal launches. We have now cataloged nearly 
13,400 satellites and are still tracking in excess of 4700 satellites. 
Currently this requires 30,000 observations per day to maintain this 
catalog. In the future, these numbers will continue to grow. The space 
surveillance task will be substantially more difficult. 
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History of Satellite Break-ups 
In Space 

John Gabbard 
NQKAD Headquarters 
Peterson AFB 
Colorado HQ914 


1 . History of Satellite 

The SPACE TRACK system had Its beginning In Hanscoin Held, Massachusetts on 
30 November 1957 when a data filter center was established at the ^"bridge 
Hesearch Center. The center was moved to Co orado Springs in }?^ the 
1st Aerospace Control Squadron, a USAF organization, was established ti 

operate the center. 

By 28 June 1961 the 1st Aerospace Control Squadron had cataloged 115 Earth 
orbiting satellites from data supplied by a rather diverse ejection of 
radar and optical sensors. On 29 June 1961, the Able Star rocket of the 
1961 Omlcron launch exploded causing a quantum jump in the number of Earth 

orbiting objects. 

Since that time there have been 69 Earth orbiting satellites break up In 
space whose debris remained In orbit long enough for orttal elements to be 
developed, tn addition, there have been several low 
where the debris decayed before orbital elements could be developed. 

Shown here In Table 1 is a list of the 69 breakups. As you can see, 256 
fragments were eventually cataloged from the 1961 Omlcron explosion and 195 
are still in orbit 21 years later. 

You can also see that the debris from some of the lower altitude breakups 
has all decayed. Among the 69 breakups, 44 have cataloged debris remaining 
in orbit. 

As of 1 July 1982, the size of the cataloged orbiting population was 
exactly 4700. Forty-nine percent of these objects are fragments of the 
forty-four breakups. 

For each breakup the various orbits of Its debris represent a family of 
orbits that are related In characteristics due to their common Impulse 
launch. As we page through the remainder of the list of breakups I will 
show a few examples of how the families are oriented In space. 

2. 1961 Omlcron Explosion, November 19 65 

Figure 1 Is one way of showing how the orbits of debris In one breakup 
family are related. The diagram shows dependency between alt] tude and 
period and the data points shown are the apogee and P^j 9 ee altitude of 
each orbit plotted at the period of the particular orbit. The data plotted 
were current about 17 years ago or approximately four years ®jjer the 
explosion. As you can see the continuum of orbits populate altitudes 
between about 400 and 2200 kilometers. 
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To get a gowiral Idea of how fast those orbits are decaying, figure 2 shows 
t ho same family of debris as it existed on !?9 June of this year which Is 
exactly 21 years after the explosion and about 1/ years after the previous 
plot. Some of the lower altitude debris has decayed and other orbits at 
the lower altitudes have become more circular. 


4 . I % I Om l cron E x ploS I on, N ovember 196& and dune 1982 

To more graphically display the 17 year change, the two plots are shown 
simultaneously In Figure 3 and the 1982 data Is red. It Is obvious the 
higher period orbits have lowered very little over the 17 years and from 
this you suspect that these fragments will continue In orbit for a very 
long time. 

5. Satellite Breakup History (Page 2 of Table 1) 

This particular page of the breakup history lists the first of the USSR 
ASAT tests. Eleven of these tests have resulted in fragments that were 
large enough to be observed by the SPACETRACK sensors. Notice also that 
the breakup may have been a double. The second ASAT test was about ten 
days later using an orbit that was essentially a duplicate of the first 
test. 

6. 1968-97 Explosion. November 1, 1968 

Shown in Figure 4 is that distribution of debris cataloged from the second 
test. Because the parent orbit was fairly eccentric the geometric pattern 
appears somewhat different, however, I think you can see that the 
distribution is essentially a segment of the geometric distribution shown 
on the 1961 Omicron slide previously shown. 

7. Satellite Breakup History (Page 3 of Table 1) 

Continuing on with the breakup catalog shows additional Delta second stage 
events and more ASAT test events. Notice also that two more possible 
double events are listed. The Itos F launch using the Delta second stage 
rocket caused this rocket to be at a relatively high altitude and In a 
circular orbit. When It exploded, It launched fragments over a very wide 
range of altitudes and this spread Is shown on the next slide. 

8. Delta Rocket. 6921. 1973-86 

Again a geometric distribution of orbits similar to 1961 Omicron Is noted 
(see Figure 5). We previously commented that a number of the 1961 Omicron 
fragments would continue in orbit for a very long time. It Is obvious that 
many of these fragments will continue to orbit for a much longer time — 
perhaps hundreds of years. 
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9, Satellite Breaku p History (Page 3 ot Table l) 

The next page of the catalog shows numerous entries of breakups of USSR 
payloads in highly eccentric orbits. To date there have been ten of these 
events. Notice that relatively few objects have been- cataloged from these 
events and this is because our sensors have a problem of observing orbits 
of this type. It is my opinion that many additional fragments may be in 
these orbits and when the GEOOSS optical system becomes fully operational 
we may find some of them. 


10. Satellite Breakup Hist ory (Page 4 of Table 1) 

This completes the catalog of breakups and shows the most recent breakups. 
Note that three breakups have already occurred this year, one in May, one 
in June, and now, one in July after the data for this presentation had been 
recorded. The Cosmos 12 7 S event shown here is very interesting because In 
my view it represents a case that appears to have a high probability of 
having been a collision. 


11. 12504 Oebris 

This figure (figure 6) shows the distribution of debris orbits from the 
Cosmos 1275 event. Evident in the plot is an asymetrical distribution of 
orbits where more fragments were forced forward than rearward. Not evident 
in the plot is the situation where there is a significant skew in 
inclinations of those orbits launched forward such that a large percentage 
of them are at a slightly lower inclination than the parent satellite. 


12. Recent Other Known Anomalous Events 

Table 2 shows recent anomalous events noted by the sensor system that 
appear to be of a different class of events than those listed in the 
breakup catalog. Listed first is a series of events that have involved 
seven old US payloads. These payloads each spawned one or two small pieces 
of debris on the dates shown and the debris was separated from the parent 
at low velocity. The last two entries on the list are judged to be other 
classes of events. In the case of "Cameo," a Delta second sta^e rocket, 
two fragments separated from the rocket, at or near the same tune and 
decayed within two weeks from 900km altitude. No other satellite ca- a ioged 
by SPACETRACK has decayed as rapidly. The NOAA debris is the only case 
known where a small piece of debris has fragmented. Six pieces were 
counted by our sensors shortly after the event but they are very small and 
hard to keep track of. Therefore, none of these have been cataloged. 
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TABLE 2 - RECENT OTHER KNOWN ANOMOLOUS EVENTS 
Identification Launched Spawned Debris Event Date 
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NORAD'S PARCS Small Satellite Tests (1976 and 1978) 

by 

Donald J, Kessler 
NASA/Johnson Space Center 
Houston, Texas 77Q58 


NORAD sponsored small satellite tests In 1976 and 1978. The purpose of 
the tests was to use their more sensitive radar to determine the number of 
Earth orbiting objects which are not part of the official catalogue. Both 
tests were coordinated by Preston Landry at NORAD Hg., In Colorado Springs, 
Colorado, and used the PARCS radar. The characteristics of this radar are 
given In Table 1. Figure 1 estimates the detection capability of NORAD's 
operational system and compares It to the PARCS's radar sensitivity during 
these tests. Note that the tests only slightly Improved the detection 
capability, and the largest Improvements were at the lowest and highest 
regions of Its sensitivity range. 

The 1976 results are summarized In reference 1 and In Table 2. The major 
conclusion of the test Is that 17.7% of the objects detected were uncorrelated 
(i.e., not in the official catalogue). However, perhaps most significant Is 
that 90% of the objects detected below 400 km were uncorrelated. Some of 
these uncorrelated objects probably came from the breakup of Cosmos 844, 6 
days earlier. Figures 2 and 3 Illustrate the altitude arid sitp distribution 
of detected objects. Notice between RCS of 10* J and 10" 4 met 4 objects were 
detected at altitudes below 600 km. However, because their orbital lifetime 
at this altitude is short (e.g. from 300 km, less than a month, and from 200 
km, just a few days), these objects must have a recent source. A source other 
than the Cosmos breakup is from altitudes above 500 km* where the objects 
minimum range is too large for the object to be detected. The data could 
suggest a large reservoir of objects in this size range that slowly 
"rain-down" through lower altitudes before they are detectable. Reference 2 
is a classified report which uses the test results to estimate the number of 
objects in space by correcting for the decreasing probability of detection 
with increasing range and decreasing size. 

The 1978 results are summarized in reference 3 and in Table 3. This test 
concluded that at least 7% of the objects detected were not In the official 
catalogue. Another 6% of the detected objects were not tracked well enough to 
determine their status (this category was not determined in the previous 
test). Again, a large percentage of the detected objects at lower altitudes 
were not In the catalogue. This is illustrated in figures 4 and 5. (The 
numbers in these figures represent the number of objects found in each 
altitude and size bin, up to 9, then A ■ 10, B ® 11, etc., and X Is greater 
than 15). A clue that the number of unknown objects is underestimated from 
this test Is from the fact that all of the small objects detected passed 
nearly directly over the radar sight. Such a trajectory returns the maximum 
signal, hence allows for the detection of otherwise undetectable objects. 
However, the volume of space covered by the radar Is then much smaller for 
small objects than It Is for larger objects, reducing the probability of 
detection of small objects. 

The large percentage of uncatalogued objects at lower altitudes found 
during this second test supports the conclusion that a large reservoir of 
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/ Pentagon, Va. Classified Secret by HQ NORAD/ADCOM. 

Pr'el (mlnary Mass's V Case^leVsVlnli" ^In", ’f ARCS Sl " an S*t»lllt« Test - 
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PARCS RADAR TESTS CHARACTERISTICS 


TYPE: PHASED ARRAY. CAPABLE OF SIMULTANEOUSLY TRACKING A LARGE 
HUMBER OF OBJECTS 


LOCATION: NORTH DAKOTA (N8 .7° N, 97.9<V) 
WAVELENGTH: APPROX. 70ch (H»lO MU;) 

BORE SITE: 8°E op NORTH, 25° ELEVATION 
MAX RANGE: APPROX. J?POnn 


DETECTION ANGLES: ovation 

*5R® AZIMUTH (about bore site) 
"pah* region: 

56°*32° ELEVATION 
*67° azimuth 


TABLf l 


197C. TESTS RESULTS 


PERFORMED BY SAI UNDER DIRECTION Of BKDSC-W AT RWURST OF ADf.OM 

BATA TIME: 03 : 30 TO 2'Js31. JUI Y $1. 1020 (11 Mn, 52 mt.,) 

NUMBER DETECTIONS! 

8995 CORRELATED PLUS "NEW" TRACKS 
1999 UNCORRELATED. OR "NEW" TRACKS 

CONCLUSIONS: 

17.7* NEW OBJECTS 

902 OF OBJECTS BELOW 900kh WERE NEW 


TABLE 3 

1978 TESTS RESULTS 

PERFORMED BY BELL LABS UNDER DIRECTION OF ACCOM AT REQUEST OF NASA 


DATA TIME: AUG 21 rn 23. 1978 (8 hr 29 him in six 89 minute intervals) 

NUMBER DETECTIONS 
5580 KNOWNS 
937 UNKNOWNS 
379 UNCORRELATED 


CONCLUSIONS: 

72 OF OBJECTS TRACKED WERE UNKNOWNS 

61 WERE TRACKED WITH INSUFFICIENT ACCURACY TO MAKE DETERMINATION 
PERCENTAGE OF UNKNOWNS NEARLY DOUBLES IN MORE SENSITIVE REGIONS 
OF RADAR 

802 OF OBJECTS BELOW 300km WERE UNKNOWNS 
322 OF OBJECTS ABOVE 2000km WERE UNKNOWNS 
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TABLE 4 - SUMMARY OF BOTH TESTS 

0 CAMS I STARRY SHOW BETWEEN 61 AND 18X UNKNOWNS 

C CONSTANTLY SHOW MUCH LARGER PERCENTAGE UNKNOWNS AT 
LOWER ALTITUDES 

0 SOURCE OP HOST SMALLER OBJECTS AT LOWER ALTITUDE MUST BE 
FROM HIGHER ALTITUDE 

0 ORBITAL LIFE-TIMES VERY SHORT AT LOWER ALTITUDES 
0 LARGE RESERVOIR OF SMALL OBJECTS ABOVE 500km IS REQUIRED TO 

explain the number of shall objects observed at altitudes 

BELOW "«Okn 

0 19.’ 6 TEST - SIGNIFICANT NO, NEW OBJECTS FROM EXPLOSION OF COSMOS 8«4 

0 1978 TEST • SIGNIFICANT NO, UNKNOWNS BETWEEN INCLINATIONS 62° « 64°. 
84° 8 88°, 105° - 106° 


NORAD’S OPERATIONAL CAPABILITY 
TO DETECT OBJECTS 
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FIGURE 4 - Altitude Distribution of RCS (Unknowns) 
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MANMADE ORBITAL DEBRIS STUDIES AT NASA LANGLEY 

N 

Donald H. Humes 
David R. Brooks 
Jose M. Alvarez 
T. Dale Bess 

INTRODUCTION 

In 1973 NASA Langley had a very active group conducting meteoroid 
research, with our focus being on the hazard to spacecraft. We had three 
flight experiments in progress to define the meteoroid environment near 
the Earth and in interplanetary space, and to measure the effectiveness of 
meteoroid bumpers. These flight experiments were aboard Pioneer 10, 

Pioneer 11, and Explorer 46. We were conducting hypervelocity impact tests 
in the laboratory to study protective structures, and we were determining 
the composition of meteoroids from the hundreds of meteor spectra we 
obtained with our observation station in New Mexico. 

During that year we became aware that manmade debris presented a 
similar hazard to spacecraft near the Earth and decided to make an 
assessment of that hazard. We worked on the problem for a couple of years, 
and this paper is a summary of the results we obtained. 

The major results of our work were reported in the five publications 

listed in figure 1. 

The work by Brooks, Gibson, and Bess entitled Predicting the 
Pr obability that Earth-Orbiting Spacecraft Will Collide w ith Manmade 
Ob jects in Space is the central point of our effort. It is a detailed 
analysis of the collision probability problem with much attention given to 
the population of small untrackable fragments created during explosions. 
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In his 1976 paper, Brooks applied. the previous work to calculate 
actual spacecraft penetrations as opposed to just Impacts, and compared the 
penetration hazard front-manmade debris to that from meteoroids. In 
addition, this paper gives revised collision probability results to correct 
some numerical errors In the previous work. 

The other three papers deal with what was found to be the most 
Important element of the manmade debris problem - the small untrackable 
fragments created during explosions. The paper by Bess deals with the size 
distribution of the fragments and Is a detailed look at his contribution to 
the 1974 paper. The papers by Fuss and by Dasenbrock, Kaufman and Heard 
deal with the orbits of the fragments. 

BROOKS, GIBSON, AND BESS [1974] 

Brooks, Gibson, and Bess [1974] used the NORAO catalog of observable 
debris as a basis for a model of the total orbital debris population. The 
number and size of the objects in the catalog is shown in figure 2. The 
nonlinearity on the log-log plot of the size distribution of the objects is 
at least partially due to the limitations of the radar used. Much work was 
devoted to defining a "reasonable" extrapolation for manmade objects. 

Brooks, Gibson, and Bess [1974] noted that it would not be reasonable 
to simply extrapolate the total population curve because it is composed of 
objects of different classes; payloads, rocket bodies, debris released 
during normal performance of amission (explosive bolts, shrouds, etc.), 
and fragments created during explosions in space. The total population 
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should be broken down Into Its components and an extrapolation of each 


component should be made. 

The relative bundance of the various components of the debris 


population Is given In figure 3. Explosion fragments make up the biggest 
part of the population and are the result of only ten explosions In space. 
Payload debris encompasses objects associated with normal performance of a 


mission - the explosive bolts, shrouds, etc. 


Figure 4 shows the size distribution of the various classes of 
objects, this time on a semilog plot. The payloads and rocket bodies are 
combined In one curve. Objects in this class are large. No extrapolation 


to smaller sizes is In order because we know that no smaller payloads or 


rocket bodies exist. The payload debris class should contain smaller 
objects and the extrapolation was made by simply extending this line. 

Brooks, Gibson, and Bess [1974] noted that a simple extrapolation of 
the explosion fragments population also would not be reasonable because 
they were produced by ten different explosions. They extrapolated the size 
distribution curve of the fragments from each explosion individually. 

The extrapolation to smaller sizes was made for each explosion by 

extending a straight line fit to the observed fragments on a semilog plot, 
see figure 5. 

Small objects will be removed from the population due to drag. 

Brooks, Gibson, and Bess [1974] calculated the minimum size object that 
would remain in orbit from each explosion as a function of time. They took 
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Into account, (1) the elapsed time since the explosion took place, (2) the 
altitude of the perigee of the fragment orbits, (:)) the variation In air 

density during solar cycle, and (4) the shape of frapents to determine 
drag coefficient. 

This detailed examination of lueses due to drag resulted In quite 
different minimum sizes for different explosions at a given time. 

Orbital lifetimes were calculated using a modification of the RAND 
satellite lifetime program. 

Brooks, Gibson, and Bess [1974] thus had a method and a computer 
program to generate a model population at any given time that included the 
objects in the NORAD catalog plus a large number of smaller untracked 
objects. The untracked fragments were assumed to be in orbits that varied 
slightly from the parent object in a random fashion, see figure 6. The 

equations show the range of orbit parameters assigned to the untrackable 
fragments . 

The method of distributing co and a about explosion fragment “parents” 
was selected after plots of trackable explosion fragment orbit element 
distributions showed that these two elements were not yet randomized 
several years after the explosion. 

Having generated a model population of orbital debris, Brooks, Gibson, 
and Bess [1974] used that model to determine the probability that a 
spacecraft will be struck by space debris. The probability of a collision 
is calculated because a deterministic approach to collisions is not 


feasible, see figure 7. We do not know the orbital elements of observable 
debris accurately enough to determine If they will pass through a region of 
space as small as a spacecraft. We know only with much less accuracy where 
the unobserved small fragments are. 

Brooks, Gibson, and Bess [1974] calculated the probability of a 
spacecraft being struck by debris by a two-step analysis. 

The first step was to locate orbital trace intersection points as a 
function of time for the spacecraft orbit and each debris object orbit, see 
figure 8. They considered that the orbital traces were constantly being 
perturbed due to the Earth’s oblateness. The relative motion of the 
orbital traces, which determined orbital trace intersection locations and 
durations, was considered an absolutely essential feature of the 
population. 

The second step was to calculate the probability that the debris and 
spacecraft are in the intersection region at the same time. It was assumed 
that the location of the debris and spacecraft in their orbits is random. 
This assumption was made because the uncertainty in actual position of 
objects in their orbits encompasses the entire orbits in just a matter of 
weeks. 

Brooks, Gibson, and Bess [1974] calculated the number of objects that 
could potentially strike a spacecraft in circular orbits at various 
altitudes. The results are shown in figure 9. The hazard is greatest for 
a spacecraft in a 900 km altitude circular orbit. 
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Brooks, Gibson, and Bess [1974 J calculated the number of debris orbit 
intersections with a 1000 km circular orbit at various spacecraft orbit 
inclinations. The results are shown in. figure 10. The collision hazard is 
greatest around an inclination of 120°. 

The probability that a 100 m diameter spherical spacecraft in a 1000 
km orbit will be struck by space debris during a 1000-day mission is shown 

in figure 11 as a function of orbit inclination. The probability was found 

to be nearly 0.08 at an Inclination of 120°. 

BROOKS [1976] 

Brooks in his 1976 paper compares the manmade orbital debris hazard to 
the meteoroid hazard for a spacecraft, by looking at the penetrations that 
each would produce if the spacecraft had a double wall structure like that 
used on Skylab. At an altitude of 500 to 800 km orbiting debris and 
meteoroids were found to be equally hazardous, see figure 12. The 
magnitude of the hazard is a 1 percent to 10 percent probability of a 
penetration in 1000 days if the spacecraft is 100 m in diameter. 

Brooks makes the point that if you find that probability is 

unacceptable and try to reduce it by increasing the thickness of the 
material in the wall, you will find you reduce the meteoroid hazard easily, 
but not the manmade debris hazard. That is because of the difference in 
the size distribution of the two populations. It takes about a 10' 3 g to 
10- 5 g particle to penetrate the Skylab wall. In that mass range the 
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meteacold-S.ize distribution Is steep and the manmade debris size 
distribution is flat, refer to figure 2. Making the spacecraft wall twice 
as thick reduces the meteoroid penetration hazard by a factor of 12, but 
does not reduce the manmade debris penetration hazard noticeably. 

BESS [1975] 

Bess's 1975 paper presents m detail his contribution to the Brooks, 
Gibson and Bess [1974] paper, which was the data and analysis that led the 
authors to assume that the size distribution of explosion fragments is 
exponential . 

Bess looked at the three fragmentation processes illustrated in figure 
13, namely, 

(1) high intensity explosion of a cylindrical shell by a charge in 
contact with the inside of the shell (from military weapons testing) 

(2) low intensity explosion of a cylindrical shell by overpressure 
(Atlas tank fragmentation test for range safety considerations) 

(3) hypervelocity impact of typical spacecraft walls 

This paper was mainly an analysis of experimental data with some 
consideration given to fragmentation theory. The hypervelocity impact data 
were generated by Bess himself. 

Bess found that size distribution of the fragments was exponential for 
Internal explosions of shells (both low intensity and high intensity), see 
figure 14. It was this result that led Bess [1974] to extrapolate the 
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observed population of explosion fragments Into the unobserved size range 
along an exponential curve 

The 10 mg minimum size high-intensity explosion fragments led to the 
assumption by Brooks, Gibson, and Bess[l974] that the minimtjn area for a 
fragment was lO" 6 m 2 . 

Because no fragment shape data were available from the explosion 
tests, they used the most common shape of hypervelocity Impact fragments to 
determine the drag coefficient for explosion fragments In space. 

The size distribution of the fragments produced by low intensity 
explosions and high intensity explosions are quite different, see 
figure 15. The high Intensity distribution Is quite steep while the low 
Intensity distribution is very flat. 

FUSS [1974] 

Realizing that the untracked fragments would be mere numerous than the 
observed population and, therefore, could present the greatest hazard we 
had two contract efforts to study the dynamics of satellite 
fragmentation. One effort was by Fuss, a student working on his Master's 
thesis. 

Fuss performed computer studies of the spatial and temporal 
distribution of explosion fragments from simulated explosions. He assumed 
that fragments scattered in all directions (in three dimensions) when a 
satellite exploded. One situation he studied is that shown in figure 16. 
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Looking first at the envelope that would be produced If there were no 
perturbations, he discovered a deformed and pinched toroidal 
conf Iguratlon, like that shown In figure 17. The pinched section Is where 
the explosion took place and 180° from that point. The envelope was 
biggest when explosion took place at perigee and smallest when explosion 
took place at apogee. The greater the Intensity of the explosion, the 
bigger the envelope. The fragments are all together at the moment of 
explosion and they gradually disperse because they are all In different 
orbits. Fuss was surprised to find that within 8 hours the fragments were 
uniformly distributed throughout this volume. 

When Fuss included the perturbations due to drag and the Earth's 
oblateness (precession of modes), he discovered that the envelope became 
more uniform and more like a torus, see figure 18. The drag caused an 
inward expansion of the volume. Fuss considered that fragments were a 
mixture of 1 mrn, 10 mm, 30 mm, and 100 mm aluminum spheres. In one 
computer run, he simulated a violent explosion at the perigee of a 
250 x 440 km orbit. Half the fragments struck the Earth during the first 
orbit; 7 percent more fell during the next 10 hours. He ran the 
calculation out to 500 hours. At that time 90 percent of the 1 nm 
particles produced were removed from orbit. Many of the 10 mm particles 
were lost also. But very few of the 30 mm and 100 run particles that 
survived the first orbit were subsequently lost during the first 
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500 hours. Fuss considered this a significant Indication that debris too 
Small to be detected by radar could be orbiting In space, especially since 
his simulated explosion was at low altitude and violent. 

DASENBROCK, KAUFMAN, AND HEARD [1975] 

Dasenbrock, Kaufman and Heard of the Naval Research Lab also looked at 
the dynamics of satellite disintegration under a NASA contract. They 
looked at two approaches - the one where a large number of individual 
orbits are followed in time to estimate the hazard at some future time - 
this is the approach used by Fuss. This approach can also be used in 
reverse to run the fragments back to a common site, thus determining the 
time and location of the explosion. 

You would think it would be a simple task t.o backtrack fragments to 
the time and place of their origin, but it is not, because orbit parameters 
are not known precisely and drag is difficult to account for. The 
fragments never come back to a precise point. Dosenbrock et al. determined 
the accuracy required in the state vectors of fragments 10 days after an 
explosion In order to track the fragments back to a common origin. They 
did this by simulating an explosion on the computer. For example, the 
explosion depicted In figure 19 was simulated on the computer and fragment 
state vectors determined after 10 days. The fragment state vectors were 
then modified randomly within various uncertainty limits and the proximity 
functions applied to the modified data to see If the explosion point could 
be determined. 





Dos6nbrock,et al showed that the proximity functions all peaked at the 
breakup time when the state uncertainty was 0.05 percent. However, when 
state uncertainties reached 0.16 percent, the breakup time could not be 
resolved, see figure 20. 

At the time of the explosion the fragments are thrown Into orbits of 
different Inclinations, but the orbit planes all Intersect along the line 
from the gravitational center of the Earth to the explosion point. 

Plotting the position vector direction In right ascentlon and declination 
coordinate system confirms the calculated explosion time, see figure 21. 

Evert more It provides the explosion location. 

They tried to determine the time and position of real spacecraft 
explosions using the method and were successful. The KOSMOS 699 fragments 
were tracked back as shown in figure 22. 

The ERTS I explosion was more violent which provided a clear 
indication of the breaking time and a precise location of the explosion 
location, see figure 23. The more violent the explosion is, the easier it 
Is to find out when and where It occurred. 

Another completely different method of modeling spacecraft explosions 
was explored by the authors. That Is the method of statistical mechanics 
whereby the fragment cloud is treated as a continuum of non-interacting 
particles. This method Implicitly interpolates the unobserved fragments. 

The structure of the fragment cloud Is calculated from its phase space 
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distribution function, An analytic expression for the spatial density of 
the fragments can be found. 

This method holds the promise of greatly reduced computation time 
because it is not necessary to track the orbits of individual fragments. 

t 

Examples of the spatial densities calculated are shown in figure £4. 


Figure 1 

SPACE DEBRIS REPORTS 
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Brooks, Gibson, and Bess (19741 

SIZE DISTRIBUTION Of ORBITING OBJECTS 
(June 1973 NORAD catalog) 


CUMULATIVE 

NUMBER 



APPARENT RADAR CROSS SECTION, m 2 
FIGURE 2 


Brooks, Gibson, and Bess (1974) 


CLASSIFICATION OF ORBITING 

OBJECTS 

Payloads 

16.8 
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Rocket bodies 

10.1 
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Payload debris 
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% 

Explosion fragments 

55.8 
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FIGURE 3 
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Brooks, Gibson, and Bess (19741 


SIZE DISTRIBUTION BY CLASSIFICATION 



SIZE DISTRIBUTION OF EXPLOSION FRAGMENTS 



AF PARENT RADAR CROSS SECTION, m 2 
FIGURE 5 
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Crooks, Gibson, and Bess (1974) 


ORBITAL ELEMENTS OF EXPLOSION FRAGMENTS 
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FIGURE 6 


Brooks, Gibson, and Bess (1974) 


REASONS WHY DETERMINISTIC APPROACH TO COLLISIONS NOT FEASIBLE 

• insufficient quality of orbital elements 

• lack of completeness of information about population 

FIGURE 7 
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Brooks, Gibson, and Bess (1974) 



TARGET ALTITUDE. 




Brooks, Gibson, and Bess (1974) 

debris hazard as a function of spacecraft inclination 
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Brooks (1976) 

PENETRATION HAZARDS 


(100 m diameter, 1000 km altitude, 1000 days) 



POTENTIAL PEtCTRATORS PROBABILITY 

Meteoroids I - 10 & 

Mart-Made debris 1-10% 

FIGURE 12 
Bess (1975) 

fRACMCMION PROCESS'S 
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Bess (1975) 

FRAGMENT CHARACTERISTICS 



high intensity 
explosion 

low intensity 
explosion 

impact 

Size distribution 

rj/t 

N* N 0 e' cm 

1/2 

N-N () e' cm 

N ■ am b 

Minimum size 

10 mg 

- 

- 

Velocity 

«3000n/s 

100 * 600 nj/s 

10 - 30 fl/s 

Shape 

- 

- 

1x4x8 


FIGURE 14 


Bess (1975) 

SIZE DISTRIBUTION OF EXPLOSION FRAGMENTS 
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FIGURE 15 
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Fuss (1974) 

SIMULATED EXPLOSION 
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Fuss (1974) 

debris envelope 


<no perturbations! 
FIGURE 17 



random velocities up to 
800 nv$ 


1800 ny$ 


3 dimensions 
FIGURE 16 







Fuss (1974) 

DEBRIS ENVELOPE 

(with drag and Earth's oblatenessl 
FIGURE 18 


Dasenbrock, Kaufman, and Heard (1975) 
SIMULATED EXPLOSION 
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FIGURE 19 
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NASA/JSC ORBITAL DEBRIS STUDV; Debris Model 

J. Brad Roberds 
Donald 0. Kessler 
Shln-Yi So 

publication of the paper on the collision frequency of artificial 
satellites by Kessler and Cour-Palais (1978), the aerospace community 
became more aware of the possibility of the creation of a debris belt 
around the Earth and the great hazard the debris belt will Impose on any 
I^ ure spacecraft mission. Lockheed Engineering and Management Services 
Company (Lockheed-EMSCO) at Houston as a support contractor for National 
Aeronautics and Space Administration at Johnson Space Center (NASA-JSC) has 
put together a computer model which describes the near-Earth space 

cr ®f t ? d tyjhe existing spacecraft and fragments from the 
3 JP®! 1 ] au ”® hin 9 vehicle attachments and explosions. The present 
d Sl s ltt /faI, a ^ opt * the mathematical formulations published In a paper by 
?r*<i 98 } a * Thus, the model uses more rigorous mathematical 

IhII u l! t * on n !"?! C u 03 the collision rate between two orbiting objects 

than the one published by Kessler and Cour-Palais (1978). However, it 
should be ooted that although the present model gives more accurate 
results, the difference In the results between the two methods is 
considered insignificant. 

The present model has been developed with the intent for public use so that 
the model contains many general but detailed analyses on the debris 
environment such as manipulating and/or sorting the existing debris 
objects, describing the physical dimensions of the objects, extrapolating 

orbitaT b dpr^ n w 1ty h t0 ! ftc1ude * he unobservable small objects, the simple 
orbital decay due to atmospheric drag and so on. A user guide of the model 
has also been published (Roberds and Kessler, 1982). 

Data Sources 


Ia!L ma ^ 0r i 4 0 !l rce for ? be satellite data base used in the model came from the 
eoEfafnffn 1 ? 1 qu 2 rte r ? , by No r th Amer *can Air Defense Command (NORAD) 

Af?^ - d Sa J el1lt ! element sets plus the radar cross-section, 

fief ^? ata , ls . e * tract ® d from the tape and stored as the debris data 

Dhvsirai d rfil£nc! "! for 5 at1on Such a * 1aunch data, country source, satellite 
physical dimensions and so on are obtained from TRW Space Log, Launch 

5 pdC r Science Data Center (NSSDC) and Royal 

fhl J !! hm 5 nt Tab1e (or Earth Satellites 1957-1980. Table 1 lists 

the items that the data base contains. 


Data Base Manipulation 


e H ! d J b compiled, one can then sort out and examine any specific 

c o t ^ Ub ; Set , aC < C ° rd1n K g to f one > 1 \ nterest - F °r e^mple. one can rJndSmly 
choose a certain number of satellites, then attach them with some weighting 

factors to prepare for the calculation of the collision probability for the 

HJnhAh???? a i’ cn * Annn* is 006 of the ways to obta<n accurate collision 
probability among 4000 or more orbital objects cataloged by NORAD because 
of the enormous computation time involved. e 


One of most important analyses of the existing daca base is 
explosion fragments associated with certain satellites and 


to sort out the 
the international 
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tho satellite family catalgguad by N08AP ilth thSt^S f ra(, ! onts of 
JrtS I C ?ona f r nm£er-S!'xo °d f st mSh?? oAs ^ a r° t2“^ Ar *T wn * * * we can 

SST"* * - 

pjb rls Envi r onme nt Analysis 

present nradol\ V °Seme'o?t^ eonJenlMt| 0t n ean 6 ? f«rf8r»ed by the 

xrtph&f" -* &«.. 

e«ipf^ , ij h use b L te Aji?7 SwSKw ill* “f' •>7 d '""»'* ‘^•'“W 

Altitude figurl In flnlre It ffnnfln iHi p T wd f doMs »ersus 
Figure 1 of Kessler's (198lbl »Llr I 1 *! - * ,s *1^ similar to 

flux Is centered between 800 an^umn 0 ^ 8 ??*^ va ' u@a A P* n the highest 
orbiting sDaeecraft ^n ,u» i P }°°° ka altitude where most circular 

flaure which shows^he^Me^aft 2f« ex,st - flnother 

for the entire population" if shown in ! Figure 2 ^ ^ SCCt,0rt (RCS) 

valuable^ooMn anafyzin^th^LIce^ 0 !/ P resenfc ,l10del can b® a 
the additional explJsf™ fraq^ntr^det^ and P redict< "9 

issA-Aiiiv ««?. F,8urc 

points d for 0 the P a?t?tude er name[y e the r anoqe 0r d^th '^""'^ere^e two 

fri^“en Sh ^i\Era%^“ 9 anr^r^|’" ^ 

t^x^xrJirr- Sr ”- 1 

still located at the alt?tude betw^n ]?/? ! tase * the ex P losion origin is 
lon,er at the center :f*aSr , ^ l 55553W!^ 

Io9ar1thm1c°sca1e e versus # the h 0 SS^noJli^^n , n “ mt>er of the fragments In 
horizontal ^ J^“J choosIng^Sl^S^/^exp.os^n 

rWti!ricS?itr;^jSS 

mass. When the relationship between the PCS nni h th! q !l are J 00t J he f ea9'«ent 
'* applied, we fLd tha? m)^ SS '° r , ft. , „ 

"° C t0 the ,ra ^ '* ‘iso shown in Fl^f* the devUtlon of"^' thl! 


t 


"P* 0810 " fT0,n tbe straight, line in the larger RCt> region can he 
*?* 5 f at l st,ca l fluctuation, while the deviation In the 

dElr?Ih???/* 9 'X S ° t0 s, f* Qf the ground radar 

d?st5ihSMi y ^ 1* Wft ,ean- extrapolate to obtain the number size 
distribution of the explosion down to Iron size fragments, fhe difference 
fLomS! numbers Is then assigned as a weighting factor for the know 
; ; ; F * i ? ur i " 5 sh0ws 2 curves for th« spatial density of 1973-86 

f?Jomont^V«u th ^J^!l e / rtft eurvft locates the contribution from the observable 
u,!!SE tS J nd the upper one Is for all the fragments down 4imi size when the 
fa f 5°r s ,ne 'u ded t0 account for the unobservable portion of 
!■!»!!««? ►! * s se ® n tbe unobservable fragments can contribute 

«^ ra f ffl ? s as fflueh aS tb ® observed fragments In the spatial density for 
each explosion. 

When all the significant explosion events were analyzed and the results 

IlrLPl! JJ ded t ?, t f e ^ N0R J° data ba * e » we show in Fl9 ure 6 two different 
u de D sUy versus altitude. The lower curve in Figure 6 

Ah<! h ? or i?» na J spat lal density contributed by the observed orbiting 

^n?«cLU h i e A J he U ?? C T one includes all the correction factors for the 
£Y ef1 J: s * js :^en that the unobserved population of the 

?H U1 9 , 0bJ ? CtS actua y contribute 2 to 3 times more spatial density than 
the cataloged ones. 

Another example is to estimate roughly the total number of collisions that 
c??I?i?? Cur . as years pass by from today w1th the assumption of 400 new 
Em!I !• ' npU / P tC yea f aPd no collision debris is generated and no 
a* 15J1 ? 5 ay fc ! or th ? ex sting objects. The result is shown in Figure 1. 

of ?he o“iitS5°obj"as. 0f CO,Msion5 ,ncr4 ” es 45 th4 si 441 - 4 «' the "umber 

^•“ 4 ^f’ 1 eM«lne the effect of the atmospheric drag on the orbital 

the bonkh! ?? ^ Sff C /i6l?r u a use< ! for the mode l basically derived from 
Afford by K Ja 9 “ H l (l964) plus additional lunar-solar perturbation 
0b A ect . s in h . , « h . er orbUs * Tha sun spot number and the 
ef rw ct are included in the calculation of the exospheric 

dJSitl fU‘M The r6SU U 1 S ! howrt ift Figure 8 for the changes in spatial 
density for 50 years purely due to atmospheric drag effect. 

Concluding Remarks 

envi^nSln^i 0rbi i a1 0ebrU Mdde ! is capable of carrying out many debris 
SI SEP 1 ?! dna,yses for a 9 iven ioput satellite population. Although 
nl/Ell U^es man y excellent results, it can only perform a 
accoun? d frhf nd f aoa lysis • A time-dependent debris model which takes into 
ccount the effect of the interaction between the generated collision and 

ttudilli : d ? me " ts V J, h the existing satellite population Is now being 
future lt S h ° ped t,dt th s ncw mode ' W< H become available in the near 
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Proposed Preliminary Design Criteria 
Model Environment for the 1990's 
by Donald J. Kessler 
NASA/Johnson Space Center 


Introduction 

An environment must first be defined before one can begin to evaluate the 
effects of that environment. The environment may later prove to be either 
more severe or less severe, and consequently the effects will also become 
either more severe or less severe. Thus, the original environment can also 
serve as a reference point for future updates. It Is In this spirit that this 
paper proposes a model environment for orbital debris. It Is recognized that 
much more Is unknown about the environment than Is known, and any model at 
best represents an educated guess based on a limited amount of data. 


Assumptions and Uncertainties 

“"The major assumptions In the proposed model environment and the 
uncertainty In those assumptions are as follows: 

1. The catalogued population will be 2.5 times Its current population. 
Extrapolations of past growth rates give a tracked population of between 2 and 
3 times Its current value. 

2. The only sources of untracked objects are low Intensity explosion 
fragments and collision fragments. Other sources, such as the probable high 
Intensity explosions by anti-satellite testing, or paint flaking would 
Increase the number of untracked objects. However, since we do not have any 
data on these sources, they were not Included In the model. 

3. Past major satellite break-ups were low Intensity explosions and the 
size distribution can be represented by the Atlas missile ground explosion 
data given In reference 2. This assumption could significantly underestimate 
the population between 1mm and 1 cm If any of these break-ups were either high 
Intensity, or the result of a collision. 

4. Three collisions will have occurred over a 9-year period just prior 
to the ml d- 1990 's between objects larger than 4 cm and the fragments are 
evenly distributed In the region between 600 and 1000 km altitude. This 
assumption may represent the largest uncertainty. While modeling in reference 
3 Indicates that an average of 3 collisions can be expected, the actual 
number, location, and size of the collision depends totally upon chance, and 
could produce very different results. 

5. The size distribution of collision fragments Is given by the Impact 
tests In reference 2, scaled to the energy levels of the expected collisions 
In orbit. This assumption represents the 2nd greatest uncertainty. The 
Impact tests which w<ure preformed were at relatively low Impact mass and 
velocities, and the structures Impacted represented only one type of 
spacecraft structure. Thus, seeling these tests results to larger energy 
levels, and generalizing them to all types of spacecraft structures may 
produce results which could either be too large or too small. 

6* Atmospheric drag Is the only mechanism to transport fragments to 
altltuder below 600 km. If objects are ejected Into this altitude region, the 
flux would be higher. 

7. The meteoroid environment Is given In reference 4. It was adjusted 
for Earth shielding (x0.7) and the units were changed fr .n Impacts per unit 
surface area to Impacts per unit cross-sectional area (x4). 


A c « cross-sectional area exposed to flux, sq. meters 
A s " surface area, sq, meters 

t « time exposed to the environment .years 
N » average number of Impacts /yr. 

P 0 B probability of no impacts 
A c ■ A s /4 

for any randomly oriented solid with only convex surfaces 
N o FA e t 

% - .i 

Mass density: 

Meteoroids: ^ * 0,5 gm/cm^ 

Debris, less than 1 cm: p « 2.8 gm/cm 3 

larger than lcm: f> ° 2.8/d* 74 (d « ave. dla., cm) 

Velocity (Average): 

Meteoroid: 20 km/sec 

Debris: 10 km/sec (Inclination dependent) 

Directionality: 

Meteoroids: assumed omnl directional (except when Earth shielded) 

Debris: Mostly In plane parallel to Earth's surface 

Environment 

Current Environment: 

and curren ^ dfibrls flux Is given In reference 3 and shown on figures 1 


Predicted Environment: 

The predicted debris flux for the 1990's Is shown or. figure 3. This flux 
velocity*' ctf lCMcm/sec spacecraffc Inclinations and have an average relative 


The flux on a spacecraft having a specific Inclination may have a slightly 
hi 9 h er flux and relative velocity. The ratio of this flux to the 
average flux Is given In figure 4, and the average velocity Is given In figure 
5. Velocity distributions for 4 specific Inclinations Is given In figure 6. 


Definition and General equations 


F » flux, Impacts/cross-sectional sq. meter-year 



ALTITUDE, m 

FIGURE 1 OBSERVED AND CORRECTED TO 4 cm LIMITING SIZE 
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FIGURE 9. FLUX RATIO VARIATION WITH INCLINATION FOR OR0ITAL ALTITUDES BELOW 1100 KM. 
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I. Introduction 

The presence of manmade debrla In space presents a collision hazard to 
spacecraft which Is proportional to the density of debris, relative velocity 
at encounter, projected area of the spacecraft and mission duration. The 
principal hazard Is due to large objects which can be tracked by radar that 
are In the vicinity of the operational orbits. The objects consist of spent 
spacecraft, rocket stages, payload separation devices and some explosion 
fragments. Objects larger than 4 cm In diameter fall Into this category. A 
secondary hazard Is due to the presumed existence of a much larger population 
of smaller objects which are the products of more than 60 spacecraft 
explosions to date. The existence of this population can be Inferred from 
terrestrial tests in which the particle distributions from high and low 
intensity explosions have been measured. The number of 6uch particles may be 
in the tens of thousands or even In the millions. Several studies <Ref. 1 to 
5) have examined the origin and distribution of the tracked population of 
objects and Implications for future missions. This study considers the 
distribution of the tracked population of objects as a function of altitude 
and orbital inclination. Representative encounter parameters such as the 
number, relative velocity, and miss distance are determined for circular 
mission orbits and are used to classify regions of space according to the 
degree of collision hazard presented. Implications for Space Shuttle and 
geosynchronous orbits are examined. 

II. Low Altitude Orbits 

A. Encounter Parameters 

Consider the encounter geometry of a satellite In a circular orbit of 
radius R Illustrated In Fig. 1. A space object encounters the satellite at a 
distance of closest approach R MIN (miss distance) with an "encounter sphere" 
of radius R^^x* The relative velocity V^, measured lu an inertial frame, and 
the relative aspect angle 0 between the velocity vectors of the satellite and 
of the space object are Indicative of the severity of each encounter. The 
total number of encounters per revolution of the satellite Is proportional to 
the density of space objects In the vicinity of the mission orbit. 
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A numerical simulation was used to examine the encounters for satellites 
In circular orblta-wlth apace objects listed In the March 1981 NORAD 
catalog. The rate of enc o u n te r s , mean relative velocities, relative aspect 
angle and distributions in range were obtained op functions of altitude and 
orbit plane inclination* The results are given in Figs* 2-5* Data in Fig. 2 
reveal that the greatest rates of encounters generally occur In the 600 to 
1200 km altitude range. The resulta In Fig. 3 Indicate that the relative 
velocities at encounter are In the 8 to 12 km/aec range depending on altitude 
and Inclination of the mission orbit. Figure 4 shows that the mean aspect 
angle T is generally low for equatorial orbits (1 ■ 0°) and high for polar 
orbits. The standard deviation of 7 is listed In Table 1. 

A sample of distributions of encounters for a 1000 km circular orbit in 
Fig. 5 shows the relative frequency of encounters for the 0°, 45°, 90° and 
135° circular mission orbits. 

The number of encounters per revolution of the satellite within a sphere 
of radius yields an "average" density p T of space objects in the vicinity 

of the mission orbit. The "average" density p t may be used to define a hazard 
index 1^ for all orbits of Interest. Thus, for example, the probability of 
collision for a Satellite with a projected area A moving with a mean relative 
velocity V R in a time period At may In general be expressed as 

p(col) - P T V R AAt (1) 


where 


P 


T 


N 

V TOR 


( 2 ) 



y 


N • the number of encounters per revolution of the satellite 

V TOR - ** 2 MW 2 

- "mean" volume of torus (3) 

centered about the mission 
orbit 
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Table 1* Mean Relative Angle and Standard Deviation at Encounter 


Altitude (km) 

1 (deg) 

N t 

Mean Angle 
0 (deg) 

Standard 
Deviation 
e (deg) 

500 

0 

20 

64.7 

25.3 

500 

45 

57 

122*5 

46.2 

500 

90 

22 

92.7 

27.1 

500 

13S 

55 

129.5 

28.4 

750 

0 

7$ 

76.6 

21.2 

750 

45 

79 

88.8 

31.7 

750 

90 

102 

121.7 

45.8 

750 

135 

103 

113.8 

37.5 

1000 

0 

68 

84.9 

15.9 

1000 

45 

55 

101.3 

30.7 

1000 

90 

95 

110.9 

50.6 

1000 

135 

105 

100.6 

37.4 

1250 

0 

28 

92.5 

18.2 

1250 

45 

39 

100.9 

31.7 

1250 

90 

36 

109.9 

44.6 

1250 

135 

32 

106.4 

32.8 

1500 

0 

32 

81.2 

20.2 

1500 

45 

45 

106.0 

27.2 

1500 

90 

53 

122.2 

42.7 

1500 

135 

53 

110.6 

32.2 

2000 

0 

6 

90.9 

17.6 

2000 

45 

8 

97.3 

34.1 

2000 

90 

6 

126.8 

46.2 

2000 

135 

10 

127.0 

27.6 
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From Ec| • (1) 


Ete°.U . !Sl 
A 4t v to* 

* V 2 ’ 1 

where the "collision hazard Index" 

X h “ (4) 

ia plotted In Pig. 6 ee a function of altitude and inclination of the mission 
orbit. 

Collision Hazards 

As an example of the collision hazards in low altitude orbits , the 
collision hazard for typical Shuttle missions has been examined via the on- 
orblt sampling method. A 278 km altitude circular orbit was assumed at 28. 5* , 
57* and 98* Inclinations. 

A set of NORAD catalog objects whose perigee and apogees bracket the 
Shuttle orbit was selected to determine the number and distribution of close 
approaches for a typical mission. The results are summarized in Table 2 for 
three different Inclinations of the Shuttle orbit. The results reveal that 
the total number of encounters N T within 200 km range Increases as the 
Inclination Increases, the average miss distance is of the order of 145 
km, and the average relative velocity Is about 11 km/sec. It can be seen that 
there are generally more encounters than objects (element sets) Indicating 
that some objects are encountered more than once during the mission. 

The normalised relative frequency distribution of encounters for the 28.5 
deg Inclined orbit la shown In Pig. 7. it can be seen that the relative fre- 
quency distribution f(r) can be approximated by a straight line. 
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fable 2* 


Shuttle Encounters Within 200 ka of NORAO 
Catalog Objects at 278 km Altitude 



Two Days 

Shuttle inclination 1 (deg) 

28. 5 # 

n t 

35 

*MIN 

138 

» rel (ko/eec> 

9.37 

EL Sets Used 

33 


37“ 

98“ 

Four Days 
28.3“ 57“ 

98“ 

44 

56 

67 

79 

108 

ISO 

143 

142 

146 

147 

10.7 

12.5 

9.4S 

10.8 

12.4 

35 

37 

46 

47 

50 


the shuttle with 


Baaed on geometric eonalderationo. the probability that 
an effective colllelon radlue Kg will he hit et en encounter la 


p(col) 


Jo 8 £ < r>dE * 


(5) 


Since 

/*■“* f(r) dr - 1 «> 

0 

and from Fig. 7 the probability density function is 

f(r) • CR min 


where r - F MIN , It follows from Eq* (6) and (7) that 


C 



( 8 ) 


Therefore the probability of colllelon per encounter is 

p(Col) - J/* 8 ^ «*„, 

0 * 11 ** 

\ r m ax/ 
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The probability of collision for the mission is 




p(col/mls6lot ) * n t 



( 10 ) 


which is equivalent to the probability of impacting a circular area irft| within 
a larger circular area N T times during a mission assuming that the 

probability of impacting the larger area is 1. 


For i * 28.5 dog, *s - 1# ■. «max • 200 In, p<e.l/4 days) . 0.186 « 10" 4 
or 13.3 K 10-» per year, the collision hazards (or the 57 and 98 deg 
Inclination orblte are Increased by the ratio of the nanher of encounters for 
those orblte. they are 18.0 « and 24,7 « 10' 6 per year respectively. 

HI. Geosynchronous Orbits 


A* Population 


One of the fastest growing satellite groups is at or in the vicinity of 
the geosynchronous altitude* At these altitudes active satellites maintain 
fixed longitudinal positions (within a fraction to several degrees) while 
inactive spacecraft and debris generally drift around the globe or oscillate 
about geopotential stable points. A portion of the total geosynchronous 
population la being tracked by ground stations* while a significant number of 
smaller objects cannot be seen by radar or optical sensors. A "snapshot" of 
the geostationary population (those which remained within ±2 deg of the 
nominal longitude between 20 September 1981 and 21 January 1982) is illus- 
trated in Fig. 8 and the objects are listed in Table 3* The locations of all 
other tracked geosynchronous objects on 20 September 1981 whose drift rates 

varied from 0.1 to 5 deg per day are given in Fig. 9 and the objects listed in 
Table A, 


B* Distribution of Encounters 

Because of the possibility of electromagnetic or physical saturation the 
geosynchronous orbit (GEO) is a limited resource. For example, nominal posi- 
tion and frequency allocations are governed by the provisions of Radio 
Regulations of the International Telecommunication Union (ITU) for commu- 
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nieation satellites. The actual .longitudinal posit to ns-of such satellites are 
generally maintained within £1 dog of the nominal position* Several different 
satellites may, however, share the same general longitudinal legation which 
can result in periodic encounters between spacecraft or between spacecraft and 
variouo debris objects* A procedure recently developed by a U*S* government 
agency (AFSCF) monitors all close approaches between a sot of primary 
communication satellites and all other objecto that may come within 300 km of 
these satellites* A prediction is made for all close approaches every seven 
days based on numerical Integration of appropriate orbits. Appropriate user 
agencies are alerted at SO km separation end increased tracking is initiated 
at 20 km separation* A collision avoidance maneuver Is considered at S to 8 km 
separation and is Implemented if neat Simultaneous tracking of both objects 
one to two days before encounter (closest approach) verifies that the 
predicted positions of the satellites are accurate. However, a major uncer- 
tainty in this procedure is the orbit determination error resulting from 
Inadequate tracking opportunities or other causes. For certain objects the 
position error can be equal to or greater than the predicted miss distance. 

A sample of geosynchronous orbit encounters for 21 satellites, for 
example, over a period of six months (from July through December 1981) showed 
that there were 120 predicted encounters within a range of 50 km* The mean 
distance of closest approach was 20.68 km with a standard deviation of 13 
km. Several close approach predictions were in the 1-5 km range which have 
caused a number of collisions avoidance maneuvers to be made. 

Table 5, for example, shows a distribution of closest approaches for the 
four geosynchronous satellites with the largest number of encounters ovev a 
period of six months, it can be seen that several encounters can occur 
repeatedly if the satellites remain in close proximity to each other over a 
period of time. The distribution of the encounters for the four satellites is 
shown In Fig. 10. A cample of predicted geosynchronous orbit encounters for a 
satellite located at 240”E longitude Is illustrated in Fig. 11. Typical mean 
relative velocities at encounter are shown in Fig, 12 for satellites at 0° and 
240° east longitude as a function of orbital inclination. 
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Table r *« Predicted Worst Case Encounters lor Pour Geosynchronous Satellites 


Sat. n 

Sat. 07, 

'MIN < km> 

Date 


Satellites 
Tine (GMT) 

10669/ 

12063/§B8"A 

2.6 

23 

Jul 

81 

2309 

6391 

12065/SBiH*. 

4.2 

29 

Jul 

81 

2220 

(100°W> 

12065/SB8-A 

3.6 

02 

Aug 

81 

0952 


1206S/SBS=A 

4.0 

03 

Aug 

81 

0943 


3431/LBS 6 

43 

31 

Aug 

81 

1032 


10953/OOES-C 

31 

16 

Nov 

81 

0501 


8S83/CTS-A 

48 

23 

Nev 

81 

1849 


4353/MATO 1 

28 

13 

Dee 

81 

0413 


12065/SBS-A 

6 

19 

Dee 

81 

2341 


12065/SBS-A 

17.9 

22 

Dec 

81 

2257 


1206S/SBS-A 

14 

25 

Dec 

81 

2302 


12065/SBS-A 

8.5 

27 

Dec 

81 

2306 


4353/NATO l 

5.2 

04 

Jan 

82 

0248 

10001/ 

1940/RB 

36 

11 

Jul 

81 

2019 

9438 

7544/INTELSAT 4-F8 

IS 

14 

Sep 

81 

0911 

<175*E) 

802 7 7/ UNKNOWN 

14 

22 

Sep 

82 

1508 


11436/RB 

36 

14 

Oct 

81 

0629 


1 1684/ RB 

26 

21 

Oct 

81 

C512 


9478/MARISAT-C 

2.9 

02 

Nov 

81 

2346 


9478/MARISAT-C 

10.3 

03 

Nov 

81 

2346 


6978/MARISAT-C 

5.8 

07 

Nov 

81 

2326 


9478/HARISAT-C 

3.7 

07 

Nov 

81 

2346 


6796/ INTELSAT 4-F7 

4.0 

18 

Dec 

81 

1350 


7544/ INTELSAT 4-F8 

2.0 

09 

Jen 

82 

0029 

8916/ 

9885/RB 

30 

06 

Jul 

81 

1717 

2112 

12309/COMSTAR 

6.9 

31 

Jul 

81 

1648 

(130 # W) 

12309/COMSTAR 

6.4 

01 

Aug 

81 

1611 


11621/9443 

13.5 

23 

Aug 

81 

1532 


8476/RCA-SATCOM-l 

19 

05 

Sep 

81 

1437 


8476/ RCA- S ATCOM 

46 

02 

Sep 

81 

1452 


11621/9443 

14 

17 

Sep 

81 

0158 


11621/9443 

14 

18 

Sep 

81 

0153 


8366/GOES-A 

2.8 

19 

Dec 

81 

0843 


8366/GOES-A 

13 

20 

Nov 

81 

0844 

9785/ 

12089/INTELSAT 

7.7 

30 

Jul 

81 

0725 

9364 

12089/ INTELSAT 

6.3 

30 

Jul 

81 

1929 

( 20°W) 

12089/1 NTELSAT-VF-2 

3.7 

22 

Aug 

81 

1822 


12089/ 1NTELSAT-VF-2 

8 

24 

Aug 

81 

0618 


11669/6393 

36 

20 

Sep 

81 

2113 


11669/6393 

33 

26 

Sep 

81 

2101 


11669/6393 

26 

06 

Oct 

81 

2073 


5854/RB 

41 

13 

Nov 

81 

1333 
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C. Collision Hazard 

frequency of encounters was computed for a number of geosynchronous orbit 
communication satellites (comsats) as shown in Tablet 0. - the results were 
obtained by numerical slmulotioa-of-predlcted encounters within SOU km of each 
satellite for a period of 30 days, the total number of such occurrences 
varied from 160 to 1. the moan alas distance and relative velocity for all 
encountero woo also calculated. The encounter frequency. Nj» differs by about 
two orders of magnitude depending on the longitudinal location of the primary 
satellite. Least hazardous orblto may thus be determined by evaluating Nf as 
a function of the orbital parameters of interest. 

the worst case probability of collision for satellites in Table 5 was 
computed using the formula 



where Nj Is the number of encounters Within a given mean miss distance Rj^, 
and Rg is the effective collision radius (Ref* 5). Thus, for Rg “ 6.1 ® (20 
ft) p(col) max per 1000 days is on the order of 10“ S to 3*5 x 10“ 5 for the 
satellites In Table 4 based on the encounters within 10 km of the primary 
object. This represents an Increase of ebout two orders of magnitude over 
those for 'typical” geosynchronous satellites based on object density averaged 
over all longitudes as given in Ref. 5. The effects of longitudinal bunching 
of satellites ere this very significant and should be fully evaluated in 
assessing the volllsion hazards for geosynchronous satellites. 

IV. Summary and Conclusion 

A method of analysis has been described which can be used to determine 
the collision hazard to satellites from space objects listed in the NORAD 
catalog. A collision hazard index has been derived which Indicates the degree 
of hazard presented for satellites in low altitude circular orbits at various 
inclinations to the equator. The results, obtained by simulation, reveal that 
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Table 6. Frequency of Rnemutrere for Selected Geoeynchronoua Satelllteo 





(A*f b 

30 fiayn « 900 km) 


flunk 

Satellite Number 

BftGftUUe Name 

N<g> 

®NIN <kal> 

(ku/noc) 

l 

0391 

PLT8AT0QM 

160 

203.26 

0.06 

2 

9643 

6808 It . 

102 

350.47 

0.12 

3 

0392 

PLT8ATC0M 

11 

170.07 

0.08 

4 

0393 

PLT8ATC0 H 

n 

332.18 

0.10 

5 

9442 

6868 n 

n 

289.98 

0.18 

6 

9441 

uses it 

28 

291.13 

0.10 

7 

9438 

6SCS 11 

ii 

302.21 

0.12 

a 

6394 

PUTSATCUM 6 

25 

313.43 

0.13 

9 

9436 

uses n 

24 

279,17 

0.09 

10 

9444 

DSCS it 

21 

331.29 

0.10 

11 

9363 

NATO m-A 

20 

329.42 

0.13 

12 

9364 

NATO m-8 

16 

115.06 

0.13 

13 

9365 

NATO III-C 

12 

347.59 

0.24 

14 

6395 

FLTSATCOM V 

1 

468.69 

0.32 


the collision hazard Increases as the orbit plane Inclination Increases and is 
maximum In the 700 to 1300 km altitude range. Relative velocities at 
encounter are in the 8 to 12 km/see range. 

Collision probabilities with tracked debris for typical four-day Space 
Shuttle missions were found to be of the order of 10“^ per year. Worst case 
collision probabilities for four geosynchronous satellites were also found to 
be of the same order of magnitude varying somewhat with the longitudinal 
location of the satellites. However, concentration (bunching) of satellites 
at different longitudes was found to affect the collision hazard by as much as 
two orders of magnitude for other satellites. The results of the study show 
that the described method of on-orblt sampling can be used effectively to 
evaluate satellite collision hazards as a function of the orbital parameters 
and of the longitudinal location for "fixed" or station-kept geosynchronous 
satellites. 
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INCLINATION, i = 1® 

TOTAL ENCOUNTERS Ny = 47 

MEAN MISS DISTANCE, R., = 27117 km 
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NOMENCLATURE 

a Seml-Sajor axis (on) 

0 Intersection angle between orbital planes 

<6> Expeoted angle between orbital planes 

<0o> Expeoted angle between velooity veotors of oollldlng objects 
C D Drag Coefflolant 

E Speclflo energy of orbit (efgs/gm) 

g(0) Distribution funetlon for angle of orbital plane Intersections 
H<6) Cumulative distribution funotion for orbital plane lnterseotions 
h Speoifio angular momentum (om^/soo) 

Mg Mass of Earth (gn) 

v CMg 

n Partlole number density (om*^) 

r* Radius of apogse (cm) 

r p Radius of perigee (cm) 

r e Radius of perigee for short lived orbits (re-entry) (cm) 

P A Atmospheric density (gm/om3) 

S Partlole souroe term (oir3see~l) 

u Partlole flow velooity (om/seo) 

uj. Radial component of flow velooity (cm/ sec) 

v r Radial velooity in Sarth-oentered coordinates (om/sec) 

vt Transverse velooity in Barth-centered coordinates (om/sec) 

v K In-plane oomponent of transverse velocity (em/see) 

Vy Out of plane oomponent of transverse velooity (om/seo) (6 Vy b e Vp x 8 Vj| ) 
v© Circular velocity (■ Vw/r) (om/seo) 

7 Center-of-mass velooity (om/seo) 

v a Velooity at apogee (om/seo) 

Vp Velocity at perigee (om/seo) 

Vj Volume (cm3) 
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INTRODUCTION 


A . 1(I booeolnR Increasingly apparent, there should he serious eoneer-n for man- 
made debris In Dew-Earth Orbit (DEO) «f>d the oonduet of eporatlens/proeodures 
Shiah leave debris In orbit. Debris deposition Is an essentially Irreversible 
set whioh, under many elreumstonoea, leovos tho dobrls In 
many years. Continued deposition therefore lneroascs tho population and, ulth 
tho* larger vehieleo and longer times on orbit being dlsoussed for DEOoporatlono, 
the probability of collisions between suoh vehleles and sodio Bomber d ® pp *° 

population beoonos large. Doeauso the collisions will ooeur at 
tive speeds, on the ordor of 8-12 ko/aoo.l * emoll objeet whieh would not 
normally be considered a hazard eight in foot pose a lethal throat to an oper- 
ating spaoeoraft. 

One of the faotors whioh has iapeded the growth in oonoern for the problem has 
been an Inability to provide definitive predictions of future population states, 
a fact whioh has srisen because future debris deposition events ere expeeted to 
b« significant and the oeeurenee of such events eannot be predloted with ®« r “ 
tL Telther in tlae or epatlal location. Consequently, future debris states 
oust be deduoed froa on evaluation of aany oodols using a Monte Carlo aodel for 
future deposition events. 

t« this naoer a aodel for the population evolution will be presented and results 
of aodel calculations dlsoussed. Contributions to the population whioh may ’ ® 

expeoted to arise from on-orbit oolllslons and explosions are examlnedlnsomo 
detail. Results are presented as models for future spaoe usage as an extrapola- 
tion of usage In the paat, for an era of enhanced apaoe usage, and for an era in 
which anti-satellite teats provide a debris contribution. 


DISCUSSION 

fhe future state of the man-made debris population Bust be dlsoussed in probabil- 
istic teras. this arises froa two factors: (1) collision occurrences are by 

» eoesSity probabilistic events, and (2) other future dobrls deposition events, 
which include noraal operations, intentional debris deposition, antl-^elllte 
tests/operations, and accidental explosions, will also happen In “P^blllstlo 
nanner. In the latter case, general characteristics of future deposition events 
oan be postulated, based on a knowledge of alssion aodels, perceived trends In 
entlsatelllte test progress and the like, but particular information ®°"®®[' B * B j| 
the time, looatlon, and deposition properties of suoh events cannot be determined 

before -hand. 

Because of thla probabilistic oharaeter in future debrla states, It is essential 
that on evolution aodel be eonoelved which allows a rapid computation of specific 
future population states, eo that appropriate ensemble averages 
states out be calculated to produce future population characteristics *| 

known statistical reliability and attendant statistical uncertainty. A ooaplete 
evolutionary aodel will consist of the mathematical formalism required to propa- 
gate the required population properties, the definition of the ^ ul ®“ on ppope ^ 
ties which will be taken to oharaoterlae the future state, and the means of 
evaluating these properties and their uncertainty. 

the evolution model presented here provides e satisfactory conceptual basis for 
producing such an evolutionary model. In Its current form, it ppop ^*J®“ 
number density end e set of debris distribution characteristics sufficient to 
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aoeounfe fop eolHnion preoessea, Debris population properties arn defined on an 
Garfch-oentered spherleal Bulerlan mesh. Within eddh ooll» oolliaidnB ape treatnd 
aa pandora events whose probability of eeeurpertoe ia detorrained by the leesiiy 
defined oolllalon rate, At eaoh tirao atop the ohange in the number of partieloo 
and tho population eorapoaltion la updated, bo required by the debris seurees and 
sinks to provide new loeal oohdltions and to define the updntod oolllalen patoa, 

A Monte Carle model for neutron dlffuaien through a reaotor oopo la a familiar 
problem, Given that only a aingle typo of nout. encounter interaotlen la 
allowed, tho dobPla evolution model ia logically . bivalent to studying tho 
propagation of on onaomblo of H2 (tho number of della) neutrons wheoe briioviep ia 
coupled and which are moving through a matorial with propertloa ohanglng in tlmo. 
Coll ooupllng in this problom arlaoa from dobrla orbit doeay from atmosphorie 
drag and from aoatterlng of dobrla into neighboring oolla no a roault of oolli- 
ftlono and explosions. 


Model Charaoteriatioa 

the debria population la taken to oonaiat of K statistically independent popula- 
tion aubaeta. the dlatlngulahlng oharaoterlatlo between aubsets oould be any 
number of attributea— oharaoteriatio size, mean density, or objeota from apeeifie 
interactions. In the current model, characteristic aize la the distinguishing 
feature, and three population Subnets &re used. 

Population subset 1, the largest objeota, oonaiat initially of the large objects 
deposited in orbit during normal operations— spaeeoraft, spent stages, and 
aeparation components, roughly objects of size 1 kg and larger. As the popula- 
tion evolves, large fragments from catastrophic collisions involving these large 
objeota will also fall into this group. 

Population subset 8 oontalna the medium sized objects, those in the 1 go to 1 kg 
range. Initially, these objects are identified with the explosion fragments from 
observed accidental explosions, but as the population evolves, both collision and 
explosions will contribute to this subset. 

Population subset 3 contains the smallest cf the objeets presenting a significant 
hazard to spacecraft— those in the mass range of 10“’ gm to 1 go. These objects 
are too soall to be tracked from the ground and this subset is taken to be empty 
initially. 

All debris In taken to be of spherioal objects. Collision and explosion frag- 
ments oonserve volume and the fragments populating a given subset are taken to be 
of the Same size. In each cell, the number of objects and their mean radius, r, 

n wflu square radius r*\ and mean Inverse radius, r"', are explic itly transpdrted 
anti therefore conserved, the rationale for selecting F, p2, and r“1 will emerge 
in the following dlsousslen. 


Particle Transport 

The conservation equation being considered in the present model Is conservation 
of partiole number, which IS expressed as: 
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For tha ona (Hiaawiionftl apharlaal. probiafi 


V • tut « 


Jt 

r 


i 


ft 

w 


(r* nuj 



whope 

V a *1 n p| Ir o tho velumo differential 
A o 4 v r d d ooll intorfoeo area 

Equation 1 with tho form of tho divorgonee In Eq« 2 son bo 
differonoo oquation fop number ef objooto In tho eoll 

A n A (Anu x ) 

+ - s 


where 

b time differenoe 
b 5 b spade differenoe 

(A t fi)AV ■+ (A 0 (Anuj) At - SAVAt E J 


For an Eulerlan coordinate system 


(A t n)AV b A t N 


where 


N s nAV e number of objects in volume AV 


The divergence term differences to 


A* (AnuJ At 

© 


( v. ” 1;1 





where 


J refers to the lower boundary of the eell 
J ♦ 1 refers to the upper boundary of the cell 

The expression & e SAVAt is the number of objects deposited In 
the cell during the time interval At. 


(C) 

translated into a 
(3) 

<H) 


(5) 

for removed from) 


The (Uvergenee axproasion was defined fee (Mfce th« differenolng oxplinii. no that 
Bq. 1 finally differenced to 

N. ■ N. ♦ (h... h 1 * 1 f nj'*’ 1 = A,u*’ , n3 \ , fi » 

f 'H Vl V *• « Vl/2 Vl 1 A, Vl/2 Vl/ At ®e hol '® , 


whore 


At • th = Vl 

To avoid having time atop limitations imposed by debris lnfoll ratos, a psoudo- 
Lagranglan updating aohomo la uaod to allow transport aePeso more than a single 
ooll In a alnglo time atop. 

Tho distrlhutlon means aro updated In a manner whleh la most easily expressed by 
vlowlng Eq. 6 as an Operator equation of form. 



(7) 


so that for transporting a quantity 


( 6 ) 


whore 


Cor, r 2 j and 1/r to update F, r 2 , and r m \ respectively, that is 




(9) 


Particle Znfall vJa Atoospherlo Drag (r" 1 ) 


The rate at which an object in circular orbit experiences a loss of altitude as a 
result of energy loss from atmospheric drag is given by 




(Rg + h) l/Z p 


V 

A “ 


( 10 ) 


where 


A s particle area 
M b partiole mass 

For spherical partiolea of uniform density, bp, and radius r, 


Gaah of the population subsets Is etmraotsrlsfld fiy a p p i in annh nail the quan<’ 
tlt-y of r"' la updated and the prepac Infall velonlty far cash population subset 
in eaeh cell Is defined to ho 


|.jy==, dg) 

P 

The otmoophorlc density, Pgi has both on altitude and a time dependence. The 
atandard NASA otmeophoro model 2 is used. Time dependence In the atmosphere la 
modelled as an oxoatmoaphori© temperature rango which vaploa sinusoidally with 
the sunspot ©yele. Tho minimum and maximum temperature and the phase In tho 
eyelo at tho beginning ef tho medal calculation ape Input quantities. 

The dpag eooffieient, C^, la takon to bo 2 throughout tho altitude range. 


Tho Collision Model (?* r 2 ) 


The probability that a collision eeeurs in ooll 1 in a time x is given by 


f c ( t) •* 1 - o 



(13) 


where Cg, the collision pate in ooll 1* Is taken to be constant during the time 
interval. There are two types of collisions that oan ooour— collisions between 
members of the same population subset (self-ihteraofciona) and Collisions Involv- 
ing objects from different population subsets (coupling interactions). Tho 
expression for Cg for self-interactions Is 
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°KK V i 


(14) 


where K is the identifier for the subgroup. For coupling interactions 



W V R.KK' °KK* V i 


(15) 


where 


K and V are population identifiers for the subgroups Involved. 


The expressions for the oollision oross-seotion are easily derived. For self 
Interactions in s population of % spherical objects, the mean collision cross- 
section is given exactly by 
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Collision Rules 
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Normal Operations 

Normal operations will leave operating satellites in orbit along with separation 
eoropenenta associated with staging operations and spent stages. Uneeftaintles in 
the future rate of deposition by this source revolve around uncertainties in 
launch tiroes and launch rates, look of information on mission models for Soviet 
and U.S# Dob space operations, and uncertainty in the dobris items released 
during staging. Viewed on an individual basis, normal operations do not appear 
to bo a significant souroo, but tho eoabinod effect of many lounehos/deployments 
may contribute significantly to the population of largo objects. 

NASA pre-launch reports of objests being injeoted into orbit during launoh of 
expohdable vehicles generally indicate C or fewer objects large enough to be seen 
by NORAD should be released. Although there is some Scatter in the number of 
objects aeon versus the number of objeots predicted, it will be seen that in an 
era of heavy spaoe usage control of debris released during normal operations may 
prove to be necessary. 


Intentional Deposition on Orbit 

Intentional deposition and dispersal of debris, as well as explosive ejeotlon of 
debris, has ooourred in the littering of spaoe by the Soviet Soyuz program3, the 
dlsnersal of bundles of copper dipole rods by the U.S., and the oonduct of the 
Soviet ASAT test program. The number of objeots dispersed by these sources 
varies, but the occurrence of a single ASAf test Injecting debris into long-lived 
orbits would dramatically increase the hazard to all spacecraft in LEO; oertainly 
this is the most serious of the controllable debris souroes. 

Clearly, the conduct of operations Involving intentional debris deposition with- 
out a clear understanding of the long-term consequences is extremely Ill-advised. 
The drhrls will not only present an immediate hazard to other spacecraft, but the 
fragments produced by collisions Involving this debris will present a threat 
which may, In fact, be considerably greater. 


Collisions 

Collisions betweeen objects on orbit represent an uncontrollable debris source 
vfhich might prove extremely Important for future debris population states, as 
single collision event will produce millions of debris objects. 1 * Although most 
of these objeots will be too small to pose a collision threat to other space- 
craft, several thousand to several tens of thousands might be sufficiently large 
to pose such a threat. 

in his discussion of eollisions, Kessler* divides collision events into catas- 
trophic events, those leading to breakup of the larger object Involved in the 
collision, and non-oatastrophie events, those not resulting in breakup of the 

larger objeot. The mass rr.tlo of the colliding objects determines the types of 
collision for hypervelocity impact and keSsler finds a minimum mass ratio of 

Is 115 to lead to non-cataatrophlc collisions. In this work we identified 

coupling collision events as non-catastrophlo end self-interaction collisions as 
catastrophic. 

Non-catastrophlo collisions have been mentioned previously as ooupllng colli- 
sions, that is collisions between different population subsets. For this type of 
collision there Is some experimental data 1 * and the dynamics of the debris 


presents minimal problems ••the centor-of-mass veloelty is essentially the 
velocity of the larger objeot. fho debris velocities relative to the center Of 
mass will be small (<1()0 o/seo) so that the debris Hill have essentially the same 
orbital properties as the larger draft. 

Zn terms of the model parameters, there Hill be throe types of uon-oatastrophlo 
collisions, those involving olsss 1 with olsss 2 objeots (type (2,1)), those 
Involving olass 1 with olsss 3 objeots (typo ( 3. 1 > ) , and those involving olass 2 
with olass 3 objeots (typo (3,2)). Prom the data in Bess, 4 the largest fragments 
fall into the slee olass of the smaller iopaotlng object, with the mass distribu- 
tion of smaller objeots following a power law relationship into the miorogram 
region. 

A partitioning of fragments oonslstent with the two experiments discussed in Bess 
would plaoe 50 fragments in the class of the smaller impacting particle and 2000 
fragments into the olass of next smaller partioles, a distribution shown in fable 
1. The larger impacting object remains ihtaot. The size distribution of frag- 
ments were modelled as the mean radius size for the larger olaSS and one-tenth 
that size for the smaller olass. 

Sinee the debris velocities relative to the veloolty of the larger colliding 
objeot are small, all collision fragments were taken to remain in the altitude 
band in wtiloh the eolllslon occurred. 


TABLE 1. FRAGMENT SIZE DISTRIBUTION FOR CDUFLlNG COLLISIONS 


Type of Collision 

Number of Class 2 Fragments 

Number of Class 3 Fragments 

(2,1) 

50 

2006 

(3,D 

— 

50 

(3,2) 


50 


Catastrophic collisions, discussed previously as self-interaction collisions, are 
much more problematic. In part this is because there IS no experimental data for 
hyperveloolty Collisions between comparably sized objects so existent data must 
be extrapolated. Moreover, the motion of the oenter of mass is not that of the 
larger objeot and the geometry of the interaction becomes important in deter- 
mining the types of orbits populated by the fragments. A formalism to analyze 
this problem is presented in the appendix. One similarity with the non- 
ce tastrophlc collisions is that the debris fragments should have a sufficiently 
small velocity relative to the oenter-of-mass to remain in orbit Only if the 
oenter-of-mass veloolty is Orbital, and whether this Occurs depends on the angle 
of impaot, altitude of eolllslon, and mass ratio, as shown in Table A-1 of the 
appendix. 

One important requirement in modeling catastrophic collisions is obviously 
whether the oenter of mass is orbital or suborbltal for a particular event. This 
is determined in part by the angle of Impact of the colliding objeots. Chobotov’ 
has studied this problem for the objects in the NORAD catalog and finds a typical 
collision angle of 100° for 3 non-zero inclination orbits. His analysis is pre- 
sented in his Figure N. In the analysis in the appendix, a similar conclusion 




Is reached for debris populating random orbital planes with 70° Inclination. If 
the assumption Is made that the distribution of oolllslon angles can be deduoed 
from this same 70® population, then a meohanlsm for calculating the oolllslon 
angle of a particular event, using a Monte Carlo approach, In available. 

*s shown In the appendix, the distribution funotlon, g(fi), is 


0 s fi s 1«0° 


[Sin* 70° - (CosS - Coo 2 70°) 


for inclination 70°. Although g(0) is undefined, it has a well-defined limit of 
l/(xfilh 70°); g also has a pole at 6 ■ 140°. 

The cumulative distribution funotlon for oolllslon angle Is 


ft 

J Sln(e/ 2 )g(e)d 6 

H( V - > 

J Sin(S/2)g(8)dS 


0 S B c S 140" 


The Integral Is analytic and the form for H Is 


H(f c ) - 1 


Sin(3 c /2) > 
Sin 70" , 


0 s 6 S 140° 


A Monte Carlo determination of fl 0 is made by treating H as a probability density 
funotlon and, plotting a random variable p on the interval (0,1), solving 


for fi 0 . This becomes 


8 C - 2 Sin” 2 ( Sin 70° yj 1 - (1 - p) 2 ) 


With 0 O determined by Bq. 24, the decision on re-entry depends upon the mass 
ratio of the eollldlng objeots. For a mass distribution in the debris population 

of tKm), an expression for the expeoted value of the mass ratio, is 

\«2 




J \(m)dro / b U.(m')( )dm' 

Ha m > m r 




/ T> , " 

j (Km)dto J Wfo*)dm' 


(25) 


whore 

a upper Unit on the mesa interval 
M a a lower Halt on the mass interval. 

Having oarried the discussion to this point, thero are now 2 reasons for dis- 
ouSslng type (1,1) collisions as dlstinot from types (2,2) and (3,3) collisions. 
First, the mass distribution of objects in class 1, objeots primarily associated 
with normal operations, would be expeoted to be considerably different from that 
in olasaes 2 and 3. Seoond, the fragmentation prooess in a type (1,1) collision 
might be expeoted to be signifloantly different than in the other 2 oases. 

For the class 1 population, a distribution funotlon which is a constant does not 
seem unreasonable. For this case, the expectation value for the mass ratio takes 
on a particularly simple form 



which for Mb » M a simplifies to 



(26) 


(27) 


For this mass ratio, the impact angle which Separates the orbital debris 
generation events from the non-orbital can be determined. Using the formalism 

developed in the appendix, the critical angle is presented in Table 2 as sElSi 

.ft C rU*A 

H(*max) # ia alao given. 

For the class 2 and class 3 self-interactions, a power law form for 4* is more 
appropriate than the constant function of the class 1 objects. For the power law 
mass Spectrum, the form for the expectation value of the mass ratio is 



M 2a+2 

7o41)(tt+2) 
M <*+1 


.2a+2 


2M b 


„o+2 


a(a+l) " 0 ( 0 + 2 ) 




( 20 ) 
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with the special oasea oo 0,-1, -2 introducing leg&rithnlo forma. Pora«»1 and 
Mb >>M ® m 2o+2 . 

ifn.i \ c —.1 


/®x\ 0 4— . - sii 

\* 2 / sts+tt M 2a * 2 0 


If the distribution of olaaa 2 and 3 ©bjeota follows that for Oolllslono frag- 
U § 

aontflp a o -1.8 • , and 


0-»- 


Usin^ the forsnaliam presented in the append!*, the crltioal angles for this mass 
ratio are presented in table 2 as 6 °max» r( ^°max > * 18 al8 ° P pe3ented * 

TABLE 2. MAXIHUM COLLISION ANGLE FOR WHICH DEBRIS WILL 
REMAIN IN ORBIT AND THE FROBABILITT THAT THIS ANOLE 
WILL NOT BE EXCEEDED, FOR MASS RATIOS 0.44 and 0.5 
(RE-ENTRY PERIGEE ALTITUDE a 100 KM) 


Collision 
Altitude (km) 


O.W 

H( B MAX> 


.0.50 

h( b max) 


0.0 

.010 

.020 

.030 

.035 

.0X0 

.044 

.049 

.054 

.058 

.067 

.089 

.110 

.130 

.150 

.169 


0.0 

.010 

.019 

.029 

.033 

.038 

.042 

.047 

.051 

.056 

.064 

.085 

.105 

.124 

.143 

.160 


The remaining issue is the number and distribution of oolllslon fragments. There 
is an important distinction between the type (1,1) collisions and these of type 
(2,2) or (3,3). The elasa 1 objeota are generally oomplex, multicomponent struc- 
tures Which might be expected to break up into many relatively large fragments as 
a result of the severe shook propagated through the structure on Impact, ms well 
is i very large number of objects created at the Impact site. On the other Dana, 
class 2 and 3 objects will be simple, single component fragments so that the 




f!!!! 8 !! 6 / a 8 *^ 90 , i 2 '^ oolliolon ought be similar to that of a (2,1) oolllolon 

and a (3,3) oolllslon similar to that of a (3,2) oolllolon. •omaion 

The distribution of fragments owning out Of a type (1,1) oolllolon has not «r 

TsrJt ‘ rssass ss± z 

«i?«« P i Pl unnA b i° ln axtrapolatlon of the Bess data would plaoo 160 fragments In 
? Xo J 8 x * fragments ln olass 2, and 40,000 fragments in olass 3. The distri- 

oolllslon* \Z° i,*' 2 *?? tw i 00 09 0X098 3 SagmenE as “or a type (^O 

Sfo ?<3,*> ^ tyPe (3 ’ 3> ° 0lli9l0n 18 the 80Be “ « 

presented tat abST di ° trlbutlon8 u9ed in th0 Bodelin « ** self-interactlons 1, 


Table 3 . fragment size distribution for self-interaction collisions 


type of Collision 

Class 1 Fragments 

Class 2 Fragments 

Class 3 Fragments 

(1,0 

(2,2) 

(3,3) 

100 

4000 

40,000 


50 

4,000 

$0 


f°[ °? XX1 ? l0 "f 10 whloh the fragments remained orbital, the assumption was made 
that the fragments populated only the cell ln which the collision occurred (50 
peroent went Into this oell) and the adjacent cells (25 percent went into each). 


MODELING RESULTS 


Initial Debris Population 


sps rasa 

° r ““ ** rUU tM * <«“«» P~«** i» 


alaw? 1 rarArrjs: t-ss 


To provide a comparison of results from the models 
the population with a uniform annual growth rate of 
also presented in Figure 2* 


calculated, a projection 
5 percent for 20 years 


of 

is 
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Model Calculations 


The model calculations wore designed to show the effect of normal operations and 
aooldental explosions on future debris states* The first two oases had normal 
operations artd collisions as debris Sources, the first using a 5 percent annual 
Increase In the number of largo objects, modeling an extension of future spaoe 
activity as in the past, and the Seoond a 10 peroent annual increase In- the large 
objects, modeling an era of enhanced spaoe activity. The third oaSe combiner a 
contribution from aooldental explosions with a 5 peroent annual Ihoroase in large 
objects. 

Two hundred solutions were averaged for eaoh of the oases. The Information that 
was extraoted from the calculations was the population densities as a function 
altitude, population also and oompoaitlon, and time, location, end type of 
collisions. 


Case I. Five Peroent Annual Growth Rate in Large Objects 

This ease served as the reference model, providing a prediction of the State to 
which the debris population will evolve If there is a continuation of past 
practices and activities and assuming explosions do not play a role. 

A ooaparlson of the initial population with the population evolved for 30 years 
In this model Is presented in Figure 3* Of more interest in terms of a hazard 
analysis IS the translation of these debris densities into expected collision 
frequencies, which are shown for the same altitudes as in Figure 2 and presented 
for the 10, 20, and 30-year population state in Figures a, 5, and 6, 

The total population alze as a function of time is presented In Figure 7. If 
collisions had not ocourred, the size of the population would have been about 
6700 at the 30 year point. 

In thd course of calculating the 200 solutions, *196 collisions occurred. In some 
solutions, no collisions occurred; one solution had 14 collisions and several had 
more than 10. Of the 496 collisions, 323 were type (1,1) events, of which 16 
left debris In orbit. The first collision ocourred in the 16-17 year time frame. 


Case II. Ten Percent Annual Growth In Large Objects 

This case was designed to present the debris situation in an era of enhanced 
space aotivity In whloh no effort was made to restrict the debris deposited by 
normal operations. The result differs considerably from Case I, as the increase 
in density brings oOlllsions in as a dominant source. 

The initial and final populations are oompared by their altitute distribution in 
Figure 6, with the same collision hazard oharts as Figure 4, 5, and 6 being pre- 
sented in Figures 9, 10, and 11 for this model. Figure 12 presents the growth in 
population size as a funotlon of time. 

A sample of 100 of the Solutions yielded a total of 2,356 collisions, or an 
expectation of 24 collisions over a 30 year period. The time to first oolllsion 
was reduced from Case I to about 11 years and by the time 30 years was reached, 
several oOlllsions per year were often found to oocur. 




Case III. Five Percent Annual Orewth Bate In Large 
Objeefco and Accidental Explosions 

JSr ar r. iao r*“ l «**•"«• <• u» 

oooaalono, the Delta oooend ataan h “ ( l obaorvod to happen on a numbor of 
haa occurred aevoral times. 6 oing ° no typo of opaeo vehiel ° for which it 

bora are consistent with the nSh 0 T o r ?h 350 IV 0lQ8t> 2 obJeotB - Th ««° "um- 
alona.6 The fragmonSweJS dlSibuti n » ^?r ^agaenta froco the Delta explo- 
ond one-fourth into £> of the ^od/aee„t ceXla! int ° th ° ° eU ° f the °* pl ° aibn 

S!eo?a te pe? f yea“? l0 °thia ill “ rb f traplly aet to •» 1 explosion per 5000 large 
frequencies. When ooa ^ ared wi th observed explosions 

StLI lrU S ““ “ >-»- W—‘K. ttto 

•bjoots In Case II m. to to.. 5 more rffMt tfSTu? d * p °, au * on of 
after the 11 year tine, the ails of th! r-A « Wlth , fche onaefc of collisions 
larger. ’ 8 8188 of the Caae 11 population began to get much 


conclusions 

Future * debria^%ouroea ^^Tlll^ J^oaTt^ I'eS^on Tba”*!? haS d8V8lop8d * 
manner, so that averages of many solu* llAr A" « ? U 1 a nofl “determlnistic 
provide solutions with significant statistical Reliability. 0886 b ® tak8n t0 

introduee br °two i ^p(frtMt a ^aly3la°ca^rbn\ 0 tifia futur ® debrla atate 3. the model 
the sensitivity of “turf debria statA toVf tbe debria P pobl «“- First, 
determined, and the model will facilitate thi/^A depoaition eventa must be 
ness of practices and procedures to redl» th fL P 4 ? SS ; f econd> the effective- 
tested and evaluated using the model Both at' th«« k \°« ^ bure eyetefis can be 
understanding of the debris probTem as veil a/ wil1 ppoBlot e the 

bllitles for keeping it under control? Providing insight into the possi- 

Jrnurto/’Ln 1 ^ ««• to to*.,,* 

plausible aet of assumptions on the distributioi? of co ^* 3 * on3 * For a 

probability distribution for debris belJg ltft in I ' l b'"' 0 ? 1 f an8l83 ‘ a 
Earth orbit collisions; about 5 percent® of thA « n n?A has u been derlved for low 
will leave debris in long-life orbits. collisions between large objects 

I Br ” •*"' *" «» 

Hence, the results represent \ minimifm U ?^ d ? n * in - the ox ^ loslon aouree 
Nevertheless, in all of the cases a severe hLard 6 ?* fUtUr8 Space ayateB3p 
found in the altitude regime below *200 km lar8e apaee ayateBS *» a 

percent annual increase in larae obifeta?.,'* f°,,, Lh , low Browth rat « model, a 5 
16-17 year time fr aB0 ; a lO percen^ did not be « ln ““til the 

time frame. P C8nt annual Srowth rate reduced this to an 11 year 
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APPENDIX 



Fop the purposes of studying debris sourooS :ln the debris evolution- model, it is 
important to be able to identify those debr-ln objects which are placed in rapid' 
decay orbits. To do this, it is useful to ntudy the mapping of orbits of sped' 
fled radius at perlgoo (r p ) into looal voice:. ty space. 

The expression for specific energy of an orbit is 

2E - vj + vj - ~ U- 1) 


while the expression for specific angular momentum is 


h * 



I v ol r o 




(A-2) 


Therefore 


«:* 2 


( a ‘ • *.i 


so that 


2 



* 




+ v* 



Letting ci s rp/r, so that asl, Equation (A-B) takes the form 



where 


k 2 - 

o 


A 2 - 



- a) 



2 v 



2 

2 a (1 • a) 
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l+o 


(A-3) 


(A-4) 


2v 2 ii-1 51 






stven * radius*^* at ih« f °Lt ‘T'? 01 ® •*«> Parties shorn in Figure A-i. At a 

fS?r^ «s jlklt 
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jKldS Vliro AT 60910 " f ° r “ hyp0Pboloid of •'ovoiutlon about tho v r axis and 

, of debris deposition, a debris cloud is created in veloeity soaoe 
lollcito It t :° ontroid velocity", which is the oenter o? «« 
veiofiti •«„«« °S < li bPia ^Position, end a distribution of points in 

peculiar velooities. oentrold veloeity, which are referred to as 

oSbim “lfetiMs US 0 i l « U L ?i° h i i( l in * lde 1 the hyperboloid will have short 
outside the hS^lid wir ,f° r / eb r ls evoXutlon ealoulations. Those 

iution aSel. b W b 1 g llved “ nd Bu8t b0 tt °oounted for in the evo- 
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ooll lslon altitude and mass r,ti 0 Perl i®t° * 8 •“ 8lly eonputed as a function of 
v ■ Vu7r that <»#.?. i » rstio. Let v refer to the Oenter-of-nass speed ari 
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Coe 0 • 


m 2 e 2 



2o> lB ) 2 v 



<A-6) 


whore 


oi, og ■ topee tine d&Jdot aaaaeo 
H » Bi * mg 


Translating to dimensionless notation 

Cos e - lfi-+_D 2 v 2 - v 2 (t 2 ♦ n 
2{v 2 

where 


(A-?) 


C ■ Ol/Dg s 1 

However, resting to the development of the hyperbolic surface in velocity spaee. 
dearly the requirement for the orbltal/suborbltal boundary la that v □ A, or 


v 2 


A 2 * 22.^ 
" «+l 


(A-6) 


Co that 


Cos 8 


llLi » 2 <* - « 2 + i) 

a ♦ l 

2 ( 


(A-9) 


the values for 0 determined for a range of mass ratios and eolllsion altitudes is 
presented In Table A-1. for the special case that the reentry perigee altitude 
Is taken to be 100 km, the eolllsion altitudes are provided explicitly. By 
choosing auoh a low altitude for reentry, the resulting collision angles may be 
regarded as conservatives that la, angles whloh are somewhat smaller will cause 
the very small debris (l.o., that debrla having a characteristically larger area 
to mass ratio) to reentry rapidly. 

To understand the Importance of the angles presented In Table A-l, the expeoted 
angle of collisions in a debris population must be determined. If this angle is 
large coopered to an entry in the table, then an encounter deserlbed by the table 
parameters would very likely produoe no long lived orbital debris; If the angle 
la small, then the enoounter would probably produoe long-lived orbital debris. 
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TAW.fi Anl, ANflbF, AT WHICH TWO OBJECTS IN CIRCUWR ORBIT HIM, GObblDB 
AND HAVE A CENTEIUOF-MASa VEbOQSTl WITH PERIOSR AT RE°BNTR7 
AbTlTUBG (r«) AS A FUNCTION OF IMPACT ALTITUDE ANB HASS 
RATIO 


r e/i»i 

1.0 

0.31 

0.96 

0.94 

JC3 1 tiStt ' £S*3. 

0.92 

0.90 

0.60 

0.86 

0.64 

0.82 

0.00 

ni /02 
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0.0 

11.3 

16.4 

20.3 

23.6 

21.5 

29.3 

31.8 

34.3 

36.7 

38.9 

0.9 

0-0 

11.6 

16.4 

20. 1 

.13.6 

26.6 

29.3 

31.9 

34.4 

36.7 

39.0 

o.i 

0.0 

11.6 

16.5 

20.4 

23.7 

26.7 

29.5 

92.1 

34.5 

36.9 

39.2 

0.? 

0.0 

11.7 

16.7 

20.6 

23.9 

27.0 

29.7 

32.4 

34.9 

37.3 

39.6 

0.6 

0.0 

11.9 

17.0 

20.9 

24.3 

27.4 

30.3 

32.9 

35.5 

37.9 

40.3 

0 3 

0.0 

12.2 

17.4 
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41.4 
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0.3 

0.0 
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0.1 
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48.6 
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In this paper, we present results for debris occupying randomly distributed 
orbital planes having a specified Inclination. The distribution function for the 
Intersection angle, g, between orbital planes Is given by 


g(6) 


1 

¥ 


Sin 6 



Cos 2 l) 


2 


Os B £ 21 


(A— 10) 


The eftpeoted angle between orbital planes, <8>» Is given by 


<6>- I 6 g(B)dB ( A . n) 

Jq 

However i the expected angle of collision oust be calculated by taking into 
aooount the raot that the relative speed oust be Included as a weighting 
function. For 2 objeets In elroular orbit with velocity v and anoountarlng at 
angle B. the relative speed , vr, Is given by 


Vg ■ 2v Sin 8/2 


C A— 12) 
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8ln<to the collision probability depends linearly on the relative speed, the 
expected eolllBlen angle. * fle'-, la given by 


« 6 c* - 


l 

7 

A 


2i 


fi Bin (fi/2) g(p) dfi 


Bln (0/2) g(C) dfl 


(A=13) 


Values for «0> and < 0 Q » ae a function of Inclination are provided In Table AS. 


TABLE AS. VAnUES POR «8> AND <0 O > AS A FUNCTION 
OP INCLINATION (DEGREES) 


1 

<B> 

<6 C > 

10 

12.7 

15.7 

20 

25.3 

J1.2 

26. S 

35.8 

W.3 

30 

37.6 

06.5 

40 

A9.N 

6i. e 

SO 

60.7 

75.7 

60 

70.9 

88.9 

70 

79.9 

100.7 

80 

86.8 

110.0 


The results from Table A-2 should be used with oare In examining Table A-1 . The 
faot that objects are distributed in inclination as well as in orbital plane 
orientation will Increase the expected angle for low inclination and decrease the 
angles for high Inclination. The g distribution will be given by 
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Sin 2 !, 


Sin 2 i, 
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<A-1«) 


However, since the Inellnatlon distribution varies with altitude, the expectation 
values on g require a more complex model than has been incorporated at this time. 
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FIGURE I. EXPECTED TIMES BETWEEN COLLISIONS AFTER 10 TEARS, AS A FUNCTION OF 
COLLISION CROSS -SECTION 
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FIGURE 5. EXPECTED TI«3 BETWEEN COLLISIONS AFTER W TEARS, AS A FUNCTION OF 
COLLISION CROSS-SECTION 
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FIGURE 13. DENSITY OF MANMADE DEBRIS AS A FUNCTION OF ALTITUDE FOR THE ZERO TIME 
AND 30 TEAR POPULATIONS 

DEBRIS SOURCES: COLLISIONS ♦ 5 PERCENT ANNUAL GROWTH RATE IN URGE 

OBJECT POPULATION ♦ ACCIDENTAL EXPLOSIONS 
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FIGURE 16. EXPECTED TIMES BETWEEN COLLISIONS AFTER JO YEARS, A5 A FUNCTION OF 
COLLISION CROSS-SECTION 
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Satellites are a resource vital to the support of U, S. civil and military 
operations. Maintaining acceptable distance between satellites Is 
necessary to reduce the probability of physical damage resulting from 
collisions with another satellite, active or Inactive, and space debris. 
Satellite "bunching", the concentration of satellites In a particular 
orbital region, Is an Immediate concern at geosynchronous altitudes where 
many satellite programs tend to favor the same regions of Space for 
maximizing mission data acquisition and ground station access. 

The satellite population Is constantly Increasing due to the rapid growth 
of space systems which support communications, weather forecasting* attack 
warning and other civilian and military needs on an International scale. 

The rapid Increases In the number of satellite systems, the growing 
dependency on these systems, and the potentially hazardous conjunctions In 
space, dictates careful management of satellite positions. 

The potential for satellite collision Increases as more objects are placed 
In orbit. One of the fastest growing satellite groups Is near 
geosynchronous altitudes. At these altitudes, active satellites maintain 
fixed longitudinal station-keeping control while Inactive satellites and 
debris generally drift around the globe or oscillate about two geopotential 
stable points. Some portion of the total objects in geosynchronous orbit 
are currently being tracked by ground stations while a significant number 
of additional pieces of space debris are believed to regularly pass through 
geosynchronous orbit altitudes. Although the probability of an operational 
satellite colliding with another satellite or a piece of space debris Is 
apparently small at present. It will Increase with the Increase In the 
number of space objects, their sizes, and on-orbit lifetimes. 

It Is the responsibility of Inter-'-ange Operations (ROSR) at the Air Force 
Satellite Control Facility (AFSCF) to determine potential Space collisions 
In the geosynchronous belt and subsequently notify the Involved parties. 
Presently ROSR runs 22 primary 000 vehicles against over 200 known 
satellites or pieces of debris tracked by the North American Aerospace 
Defense Command (NORAD). Two line mean element sets received by NORAD are 
run twice a week on the DCOLA program to predict future satellite positions 
and relative distances between vehicles for a three week period. Further 
analysis can be performed on vehicles converging within 100 NM of each 
other with the DODGE program. Predictions are dependent upon the currency 
and accuracy of the NORAD two line mean element sets. As our tracking 
technology Improves, our collision avoidance predictions will increase in 
accuracy, thus Increasing our chances of surviving In a potentially crowded 
environment. 




IN SITU ORBITAL DEBRIS EXPERIMENT CONCEPTS 

- — by 

Dr, Sherman L. Neste 


The feasibility of Implementing the radar, lidar and passive optical remote 
sensing concepts for measuring space debris from an earth orbiting platform 
was Investigated. Each system was defined In sufficient detail to permit a 
comparison Of their requirements on the host platform, their performance 
relative to the objectives of NASA's space debris measurement program and the 
estimated cost of developing each concept Into a flight Instrument. 

The three systems can all be designed to provide the desired measurements within 
the weight and power budgets of typical spacecraft payloads, but each technique 
has unique capabilities and disadvantages arising from these basic conceptual 
differences. The radar and Ildar systems offer the greatest versatility and 
accuracy since they control the direction, Intensity and duration of the energy 
Incident on the target object. The penalty paid for this capability Is in- 
creased weight, power, cost and complexity. The performance of the passive 
optical system Is determined primarily by the capability of the detector and 
to a lessor extent by the baseline separation of the telescopes which requires 
the use of an on-orbit deployment mechanism. The passive optical concept 
provides the largest total event rate, and Includes significant detections of 
particle sizes greater than 10 cm to allow correlation with ground based obser- 
vations of the larger particles. The event rate for the radar system Is rela- 
tively constant with particle size while the Ildar system Is slightly biased 
toward the smaller sizes. These event rate differences result from a combination 
of the debris flux size distribution and the variation of sensitive detection 
area with particle size for the three concepts. 

Final selection of the flight concept will most probably result from a comparison 
between program priorities and available resources. If a dedicated mission Is 
not possible, and the spacecraft resources must be shared with other Instruments, 
the passive optical concept offers the most flexibility for fitting into a 
"piggy-back" scenario. If a dedicated spacecraft is available, then the concept 
which most closely fits the objectives of the space debris detection program 
should be optimized. 




background and assumptions 

Unrestricted utilization of We near-eacW. space onvlromwit by mm« and un- 
manned spacecraft during the past twenty-five years has resulted In a sp 
debris environment which Is approaching the hazard threshold for future long 
duration missions. Since the advent of Sputnik In 1967. there has been m 
Increasing n«*er of satellites orbiting the Earth. The largest ™ 
payloads and spent rockets. However, many of these have «««*« “ rt Vj^ tt 
nave also become Earth satellites. In addition, sever. . We 1 r*r ,tts 
have exploded In orbit, generating large numbers of small («10 ^ 

tides. Although the North American Aerospace Defense Co “" d 
4 . ra d, Afl0P 4ies a large number of earth orbiting debris objects, the NORAD 
system does not track objects less than about 10 cm at 1000 km (4 cm at 400 km), 
so that the vast majority of particles remain undetected. 

Although the current population of small debris suited explosions. Ussier 
(Refs. 1 and 2) has shown that the major future source of debris may be frag 
mentation caused by collision of larger objects. Based on current pro ected 
launch rates, associated collision probabilities and col Islon statist cs. 
debris flux model for We 1995 era. as predicted by Kessler. 

Figure 1. 

The present limits on detection of debris coupled with the Increasing hazard as 
discussed above, point out We need for Improving the small particle detection 
capability. An obvious solution which merits consideration Is to us > a . Eart 

orbiting sensor system to eliminate the Interfering ^ ^ 
the Earth's atmosphere. The objective of this study was to Identify prt«t1al 
sensor systems and to evaluate the feasibility, performance and requirements 
each, so that an optimum concept could be selected. 

The relative performance of the detection concepts was evaluated 1" *™. of the 
particle detection rate obtained by assuming the debris flux model for the 1995 
era shown In Figure 1. Assumptions regarding the debris characteristics an 

measurement goals are specified In Table 1. 




CANDIDATE DEBRIS DETECTION SYSTEMS 

Three remote measurement concepts were Identified as candidates for use In a 
debris measurement system: radar, Ildar and passive optical. All three 
concepts provide object detection and measurement by observing and analyzing 
radiation reflected from the objects. The first two concepts are active In 
that they transmit energy pulses and "listen" for a return signal during the 
Interpulse period, The passive optical system Is constantly In the receive or 
"listen" mode and detects sunlight reflected from the object as It passes 
through the system's field-of-vlew. 

The radar technique has been considered previously (Ref. 3) and shown to be a 
viable concept provided a spacecraft platform existed to provide the required 
power, and support the large mass. However, until recently, launches of space- 
craft carrying instruments of several hundred pounds were not feasible. In the 
near future such launches will be routine with the limiting factor now becoming 
the system cost. 

Previous consideration of a lidar system for this application has been limited 
for two reasons: (1) the large weight and power requirements, and (2) the un- 

availability of a space-qualified laser. The second limitation still exists, 
technically, but it is not unreasonable to assume that space-qualified lasers 
will be available in the near future in view of their increasing importance for 
such applications as Satellite-Submarine Communications, atmospheric probes, 
cross-link satellite communication, etc. 

A passive optical system (Ref. 4) has flown on two spacecraft (Pioneers 10 and 
11) and proven the feasibility of the concept. The severe weight and power 
limitations (6.5 lbs., 2 W) Imposed on that system together with the available 
technology limited the quality of data and the accuracy of the results. Recent 
advances in detector technology combined with greater weight and power allowance! 
should markedly Increase the performance of the passive optical system. 

Although each of the above systems makes the same basic measurements, i.e., 
detection of reflected radiation, the implementation, performance and cost con- 
sideration of each concept may indicate a preferred concept for use in monltorlnc 
the space debris population. 


Design of any system for measuring space debris requires consideration of two 
major areas: functional operation and hardware Implementation. While the 
system functions will be driven by the measurement objectives, the Implementation 
of those functions may be limited by hardware availability and associated costs. 

A feasible system requires compatibility between function, hardware and cost. 

The conceptual design of the candidate debris detection systems emphasized the 
desire to maximize detection probability, and hence event rate, for objects In 
the size range of 0.1 to 10 cm. As a result, no restrictions were placed on 
the weight and power required other than being reasonable for typical spacecraft 
Instrument payloads. 
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RADAR DETECTION SYSTEM 

;'l 

Radar detection of debris particles will be accomplished by transmitting a 
pulse of energy and detecting energy reflected from a particle within the 
transmitted pencil beamwddth. The objective of maximizing event rate, and 
hence effective detection area requires that the transmitted pencil beam 
direction be sequentially scanned through a volume of space consistent with 
the velocity characteristics of the objects to be detected. Specifically, the 
angular width of the sectorial fan coverage Is established from the time re- 
quired to repeat the coverage without missing the detection of high velocity 
debris. 

i 

In the normal search mode the radar system will continuously operate In a step/ 
pulse mode until a particle is detected. The stepping function will then tem- ,» 
porarlly stop and a verification pulse will be transmitted. If a second signal ■ • 

return is detected, the system will continue to transmit at this beam position ?' 
until a return signal is not observed and the step/pulse sequence will then 
resume. The system threshold should be adjustable via ground command to control } 
false alarm rate and/or event rate. i| 

! 

When a legitimate event is verified (two successive signals), an on-board micro- ( 
processor/controller can be used to optimize (decrease) the interpulse period, ' .j 
consistent with the indicated range of the detected object, to maximize the 
number of "hits" and improve measurement accuracy. Due to the predicted sparsitj \ 
of detectable objects, more than one particle is not expected in the beam at one 
time. 

The amplitude comparison monopulse tracking approach is recommended for the j 

space debris radar system for the advantages listed below: 

1) The angle-offset signal can be extracted from one pulse. This is 
important when observing objects whose reflection characteristics 
may change from pulse to pulse as in the case of irregularly shaped, 
rotating debris particles. 

2) The direction of particle motion can be tracked with the minimum 

number of pulses, since each pulse updates the angle-offset signal. \ 



The rapid scan required to effectively search an appreciable volume of space 
dictates the use of an electrically scanned phased array antenna. The narrow 
beamwldth needed for accurate angle measurements requires a relatively large 
antenna aperture. A 2 m x-2-nusJze Is physically realistic and provides 
acceptable range detection capability, and was used as the baseline size for 
subsequent performance calculations and for estimating weight, power and cost. 
A slotted waveguide type of construction using a ferrite circulator to allow 
one antenna to be used with both the transmitter and receiver results In a 
relatively lightweight system. 


The baseline radar space debris detection system Is characterized by the 
following parameters: 


Antenna Size: 

Nominal PRF: 

Pulse Power: 
Transmitter Frequency: 
Maximum Scan Range: 
Pulse Width: 


2 m x 2 m 
20 kHz 
2000 watts 
15 GHz 
±45* 

20 ns 


The estimated particle detection rate for this system using the 800 km orbit 
flux shown in Figure 1 is: 

130/year for particle diameter <1 cm 
and 260/year for particle diameter <10 cm 

The instrument weight and bus power requirements are estimated at 380 lbs. and 
155 watts, respectively. 
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HOAR DETECTION SYSTEM 


The Ildar detection of debris particles will be accomplished by transmitting a 
very short pulse of optical energy and detecting the energy reflected from the 
particle on a mosaic detector. The Ildar transmitter will use a fixed, wide 
beam transmitter to Illuminate the detection volume. The Ildar will operate 
In the 10 micro-meter spectral region with a pulsed C0 2 laser transmitter. The 
implementation of the system Is dictated by the ready availability of laser and 
detector technology. At the present time, the state of these technologies will 
allow a simple photon detection system to be built and flown In space. The 
growth of these technologies, however, Is very rapid, and shortly. In a matter 
of months, or at most a year or two, the state-of-the-art will have advanced 
to the point where a heterodyning system with a mosaic detector will be possible. 

The basic lidar system consists of an optical system of the Schmidt reflecting 
type with a primary mirror diameter of 1.25 meters. The transmitter and re- 
ceiver share the same optics with field separation by polarization differences 
between the outgoing and the reflected signals. The outgoing pulse is spread 
by the optical system to cover a 5° cone. The optical signals are reflected by 
the debris particles on the basis of their area. This is because the wave- 
length is small compared with the diameter of the smallest particle and it is 
expected that the particles will be rough and irregular and not polished spheres. 

The data processor contains the electronics required to process the signals from 
the detector array and the laser and to compute the time taken by the pulse to 
go from the laser, out to the particle and back to the detector. This Is 
accomplished by first detecting the outgoing pulse with a photodetector in the 
laser and using it to generate a range count start pulse for the range computer. 
When the signal return pulse Is detected by the detector array, It Is amplified 
and the position information of the signal on the array is extracted. The 
signals from the array are then combined and after appropriate blanking to 
reduce interference from residual scattering from the transmit pulse, a range 
count stop pulse Is generated. Pulse differentiation is used with zero crossing 
detectors in both start and stop channels. If no range stop pulse Is received 
for a transmitted pulse within the range gate Interval, the telemetry simply 
ignores that pulse. Range and position data are stored and transmitted only 
when a particle Is detected and a range count stop pulse is generated. Velocity 
data Is generated by differentiating the range to obtain range rate. 
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The baseline Ildar space debris detection system Is characterized by the 
following parameters: 

2 

Telescope Area “ 1*0 meter 

Telescope Fleld-of-View - 5® 

Nominal PRP - 2 kHz 

Laser Wavelength - 10.6 vim 

Transmitted Pulse Power - ^10 watts 

The estimated particle detection rate for this system using the 800 km orbit 
flux shown In Figure 1 Is: 

65/year for particle diameter <1 cm 
75/year for particle diameter <10 cm 

The Instrument weight and bus power requirements are estimated at 510 lbs. 
and 200 watts, respectively. 
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PASSIVE OPTICAL DETECTION SYSTEM 


' The passive optical debris detection system will perform the following functions; 

^ I) optically view a f-lxed volume of space, 

i 2) detect sunlit particles as they transit the fleld-of-vlew, 

3) track the particles against a relatively fixed star background, 

-i 4) process the Information to provide spatial and temporal data 

4-f regarding the particle track through the fleld-of-vlew. 



The baseline system utilizes a minimum of two optical Imaging cameras employing 
large area detector arrays In the focal plane. Two Imaging optical systems that 
can record the path of a particle against a reference star field background are 
all that Is required to determine the six orbital parameters. The mathematics 
and accuracies were analyzed for the Harvard Meteor Project which used two Baker 
Super Schmidt cameras to determine orbits of meteors In a similar fashion. 
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The two Imaging cameras can be Independently mounted. Only approximate parallelism 
of the optic axes Is required. The exact pointing of each camera will be de- 
termined from the star field which Is periodically transmitted. The mounting to 
the spacecraft should be sufficiently rigid to keep individual stars within an 
element or pixel. For redundancy a third camera Is recommended. An alternative 
may be to provide one redundant camera at each of the two mounting positions on 
the spacecraft rather than provide one additional camera with an Independent 
mount. 

The optic axis of each camera Is pointed away from the sun (>30°) and aimed at 
the sky. Information is collected at approximately the inverse of the framing 
rate (M/30 sec.) and then read into storane. Each frame Is subtracted element 
by element from the previous frame. If stability Is maintained or the starfield 
motion rate Is slow compared to the exposure time, this should result In a null 
signal (except for optical and electronic noise). However, If a sunlighted 
particle has traversed the fleld-of-vlew, there will be a streak across the frame 
that will not cancel. This streak can be examined by a logic algorithm to dis- 
tinguish It from random pixel noise (e.g., does It form a straight line, appear 
In both cameras, etc.). Assuming the logic criteria are met, the data from both 
cameras would be recorded or transmitted. The next frames from each camera would 
also be transmitted or recorded In their entirety (without subtraction) so that 
the reference starfield would be available for camera orientation and parallax 
measurements. 
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Selection of the proper type of array detector system for use In the optical 
system Is governed to some extent by the requirements imposed on the system In 
terms of angular resolution and timing accuracy. Maximizing the-number of 
pixels at the focal plane was a key design parameter since, In general, In- 
creasing the number of detection elements will Improve measurement accuracy. 

Over the past decade solid state detector arrays known as charge eoupled devices 
(CCD's) and charge Injection devices (CIO's) have been developed In array formats 
compatible with broadcast television. In addition, silicon detector arrays re- 
sponsive In the 300 to 1100 nm spectral range with pixel formats as large as 
800 x 800 have been specifically developed for astronomical Imaging applications. 
Larger arrays have not been developed because they are not needed for commercial 
applications and there are few astronomical Imaging applications which would 
justify the effort. 


Another type of high gain photon counting array detector available In a 1024 x 
1024 pixel format Is the Multi-Anode MicroChannel Array (MAMA) which has been 
developed for use In instruments on both ground-based and space-borne telescopes 
(ftef. 5). The detector system consists of a tube assembly (sealed or open), 
containing an anode array and a single curved channel microehannel plate (MOP) 
with the appropriate spectral response photocathode material deposited on the 
front-face. The spatial location of an event (l.e., an Incident photon) Is de- 
termined by the simultaneous detection of a charge pulse from the MCP by sets of 
two or more of the electrodes In the anode array, which Is mounted in proximity 
focus with the output face of the MCP. The detector resolution elements are 
defined by the dimensions of the anode electrodes, and the spectral range of the 
detector is defined by the photocathode material deposited on the MCP. The MCP 
provides the high gain (10 6 ) and narrow pulse-height distribution required for 
photon statistics noise limited operation. The MAMA detector appears to offer 
significant advantages over the other detector system and was, therefore, used 

for purposes of evaluating the capabilities and requirements of a passive optical 
detection system. 


The telescope system which appears most appropriate for the passive optical 
concept is the Schmidt design since It exhibits uniform Image quality over the 
field-of-view (^5°), can be eerily shielded from stray light and is lightweight, 
compact and inexpensive. 
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A lightweight boom structure which has been developed for spacecraft application 
by Astro Research Corporation Is suggested as one method of deploying the tele- 
scope systems. The structure Is a lattice structure of fiberglass rods, shear 
stiffened by diagonal cables, which Is retracted Into Its camcil-ster by forcibly 
twisting It about Its axis. The strains Induced are elastic so that the structure 
can be deployed and retracted In a repeatable manner. The structure- deploys by 
means of a motor driven lanyard using the elastic strain energy stored In the 
system In Its stowed configuration. The lattice structure can be designed to 
provide the required mechanical strength and rigidity. 

The baseline passive optical space debris detection system Is characterized by 
the following parameters: 

Optical System - 3 Schmidt telescopes, 30 cm apertures 
Detectors - 3 Multi-anode mlcrochannel arrays, 

1024 x 1024 pixel format 

Deployment - 2 Astromast, lightweight booms to provide up to 

10 m telescope separation. 

The estimated particle detection rate for this system using the 800 km orbit 
flux shown in Figure 1 is: 

2370/year for particle diameters <1 cm 
and 3530/year for particle diameters <10 cm. 

The instrument weight and bus power requirements are estimated at 130 lbs. and 
130 watts, respectively. 



COMPARISON QF CANDIDATE DETECTION SYSTEMS 


A greatly expanded and more thorough discussion of these three space debris 
detection concepts, their requirements on the host spacecraft and their per- 
formance Is given In the final report for this study (Ref. 6). However, the 
key capabilities and characteristics of each are summarized In Table 2. Also, 
In order to more easily fix the Instruments' size relative to an existing, 
operational space platform, Figures 2, 3 and 4 depict each concept as It would 
appear on the Multimission Modular Spacecraft (MMS) recently used for the 
Landsat-4 Mission. 
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TABLE 1. DEBRIS CHARACTERISTICS AND MEASUREMENT GOALS 



• Encounter Velocity of Debris: 

- Velocity range 0 to 17 km/ sec 

- Average velocity *7 km/sec 

• Debris Size of Interest: 

- 0.1 to 10 cm diameter size range 

- Emphasis on smaller sizes within this range 

• Characteristics of Debris Material 

- Spherical sbape for calculation purposes 

- Metallic 

- Totally reflecting (for radar) 

- 0.5 reflection coefficient (for optical) 

• Measurement Accuracy Goals 

- Velocity magnitude to 1 percent 

- Velocity component radial to earth to 5 percent 

- Ratio of North-South to East-West velocity to 1 percent 

(I.e., direction to 1°) 

- Position to 1 percent 

- Size to MO percent 

• Hardware and technology 

- Available In mid to late 1980's 

- Space qualified 

- High probability of 5 year lifetime 
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FIGURE 3. LlUAR DEBRIS DETECTION SYSTEM SHOWN ON AN MMS BASED SPACECRAFT, 
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Preliminary Design of an Earth - based 
Debris Detection System Using Current 
Technology and Existing Installations 

T. H. Morgan 


Since 1958 there has been a slow, but steady, increase of the 
population of manmade debris. Some of this Increase represents break up 
Into many parts of older payloads and rocket bodies which may be In the 
future somewhat alleviated by better paylojd design and construction as 
well as operational management. An overall Increase In the use of space by 
all countries will still lead to a non-negl igible debris hazard. Assess- 
ment of this hazard requires at least that the population of debris down to 
mm sizes be determined (both for near-Earth orbits and near-stationary 
points). It may also be necessary to obtain reasonable orbits for a sta- 
tistically significant sample of the debris population. 

Several ground-based techniques for detection are available. Radar 
detection has been used to obtain our existing debris population informa- 
tion. Another technique which has been discussed in the past is optical 
detection. A present epoch (1983) discussion of this technique was needed aod 
what follows is a study of the possibilities for optical detection with 
state-of-the-art instrumentation. 


APPROACH 

The considerable period of time between sunset at the surface of the 
earth and sunset at the altitudes characteristic of orbiting debris provides 
a period of several hours both after sunset and before sunrise each night 
in which debris can be observed In reflected light. These objects have sig- 
nificant velocities (6 to 7 km/s) relative to terrestrial observers, so fast 
that these objects are not normally detected by astronomical Instruments. 
Tracking at appropriate rates (0.6-0.8°/sec) and observing repeatedly with 

short exposures will reveal these objects. 
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In what follows, a simple Instrument based on present -epoch technology 
for optical detection of orbital debris which we plan to deploy In the near 
future is described. The limits- of detectability at various altitudes and 
under different operating conditions for this system are assessed. The 
kinds of Information which can be deduced from this data are examined. 
Optimal systems for debris detection are next discussed. Alternatives and 
possible Improvements from new technologies are also considered. 

BASE SYSTEM DESCRIPTION 

Detection of faint objects moving rapidly relative to the fixed stars 
requires an efficient area detector and a large-aperture, fast optical sys- 
tem. The acceptable optical bandwidth should Include at least the 0.4 nm 
to 0.7 nm spectral region which contains the bulk of the solar flux. In 
practice, the large quantity of data which must be examined per detectable 
event requires that equal emphasis be placed on data reduction. This in- 
cludes highly efficient automated modes of data analysis and high density 
storage capability. 

The heart of the system Is the detector. The unit chosen is a 25mm 
square faceplate I SIT camera. This low light level video camera was orig- 
inally developed by the QUANTEX corporation and Is now available from the 
SCANCO company. This system, already in use at civilian and military ob- 
servatories, Is a low noise and high quantum efficiency area detector with 
electronic readout. The optical system chosen is a standard night aerial 
reconnaissance camera with short focal length, large collecting area, and 
large field of view. Optics with slightly different characteristics may be 
scaled from the data below. The characteristics of both the optical system 
and the detector are given In Table I. 


TAHLK I 


FOV: 2.4° 

F /»: 1.8 

Bandpass: 400-800 nm 

Photocathode: S-20 

transmission: 80% 


Aperture: 33.5 cm (coll, area a 698 cm 2 ) 

Arc sec/ pixel : 1 6 . B (2.16x10"^ sq deg.) 

Ave QE : 10% 

Background : 330 10th magnitude stars 


The video data stream will be fed Into both a video tape recorder and 
a video data processor. The processor will perform a number of functions 
both in real-time, and away from the observing period. In essence, this 
system provides image-to-image addition and subtraction and single image 
enhancement. 


LIMITS OF 0ETECTI0N 

Ideally one should choose the exposure time in order to maximize system 
performance in a single frame. However, there are many practical reasons to 
set the exposure time so that the video data conforms to commercial syn- 
chronization rates. Here we have chosen the European PAL system which gives 
us a frame rate of 25 per second. Now the irradiance due to one 10th magni- 
tude star through a 0.4 to 0.7 m passband is 1.31x10"^ w/cm 2 . Thus the 
total sky background is 4.32x10"^ w/(cm 2 square degrees). Projecting a 
single pixel back into the sky gives an irradiance of 2.60 photons/cm 2 . s. 
Assuming 90% sky transparency, we find for the numbers given in Table I that 
there 130.5 photoelectrons/pixel and second and 5.22 photoelectrons/pixel 
and frame. If we assume that the minimum detectable signal S is given by 

S = 1 

yi + 28 
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Then S Is 3. 80 photoelectrons/pixel and frame or 6.76 10-^ w/cm 2 outside 
atmosphere Irradlance. Assuming that the Image of the object observed falls 
equally In 4 pixels, 

flux a 2.704 x 10" ,s W/cm 2 
which roughly corresponds to a 14th magnitude star. 

RAPID SLEWING MODE 

Slewing rapidly along an arc of a great circle passing through the 
zenith at a rate matching the apparent angular motion relative to the ob- 
server of objects In circular orbit at a given altitude effectively freezes 
the location of the Images of these objects within any frame and from frame 
to frame. For simplicity, suppose both that one is observing from a near- 
equatorial site and that the slew direction is directly west to east. 

Suppose the angular velocity of the slew is 0.813°/sec which corresponds to 
the relative angular velocity of an object In a circular orbit at an alti- 
tude of 500 km above the earth (6870 km from the center of the earth) and 
with approximately 0° inclination. 

An object at 500 km and having an Inclination within approximately 30° 
of the preferred Inclination will fall Into at most 4 pixels and most of 
these will fall Into only 1 in one frame. Particles at 375 km will move 
three pixels forward during one frame, and particles at 850 km with appro- 
priate Inclinations will move backward three pixels In one frame. These 
two are limiting cases, for all altitudes In between experience less than 
three pixels per frame relative motion. Our limiting cases will Illuminate 
at most 18 pixels (5x2) and generally only 4 pixels (4x1). A star will 
Illuminate at most 18 pixels (9x2). it should be noted that star centers 
will move by almost 7 pixels from frame to frame, and stars are thus easily 
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separated from the debris Images using simple frame to frame-Subtractloa 
and background subtraction techniques. One should note here that these 
differences would be difficult to detect with an emulsion based data 
storage system. 

The limiting flux detectable In a single frame for a given altitude 
can be determined by multiplying the minimum detectable signal by the number 
of pixels Illuminated. Thus, for an object at 850 km with an acceptable 
inclination, one finds that the worst case flux Is 
6.76 x 10-1® W/cm2 ; 
and the best case flux Is 
2.70 x lO" 18 W/cm 2 . 

The debris particles will be modeled by assuming them to be Lambertian 
spheres of albedo 0.5. For convenience the sun-debris-observer angle will 
be 90°. If I 0 Is the solar Irradlance over the bandwidth, X Is the geo- 
metrical cross section, and R is altitude of the debris, then the flux Is 

lx = 0.034 XIq 
R 2 

The bandpass chosen includes 0.59 of the total solar irradlance (0.14 watts 
per cm 2 ), thus 

I x = 2.81 *10“ 3 _X_ 

R 2 

Using the limiting flux value 6.76 x lO- 1 ^ w/cm 2 , we find on solving for 
X/R 2 that 

X„ 

IT 2 = 2.4-10-2 
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where X Is In cm2, for convenience, R is In units of 1 00 kms. (thus R would 
be 5 for an object 500 km above the Earth). The resulting cross sections 
and diameters for various altitudes are given In Table U. 


TABLE II 
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1 
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10 
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! 

= j 
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400 

4 

1.536 

1.41 


Assuming a 4 arc second image width, the relative number of images filling 
1 Pixel to all images (the case 500 km altitude) can be determined -It Is 
0.3. The same considerations for the "worst case" altitudes give for the 
ratio objects illuminating two pixels to all objects 0.3 also. As each 
object should appear In many frames, any particle debris with the limiting 
cross section will in a few frames illuminate the minimum number of pixels 
and, thus, be detectable. Such particles will appear to "blink" In and out 
through the slew. The available volume from the region 375 to 850 km is 
3.15 x 10 + 5 km 3. The span Qf inclinations available depends on the criteria 
for detection. In one frame the available number of inclinations comes from 
asking what portion of the population has a velocity along the scan dlrectio. 
sufficiently large to maintain a motion of .544 pixels. This Is a 10% for 


5Q0 kms and rises to 0,16 for particles at a 375 kins. The number decreases 
slowly from 5Q0 to 850 km, for an average value one might take 10%. Thus 
the number of evehts per scan assuming 10-7 particles per km^ (d>l cm) 
average over the 375 to 860 km range is 

3.16 x 1 0 + ®xQ.l xl 0“7 n 3.15x10“3 Acquisition field 

The continued observation along the slew direction does little to alter 
this probability; to improve the acquisition rate one must slew many times 
(observe many fields). A continued observation along a slew direction does 
provide three advantages. First, the limiting signal to noise for objects 
at the design altitude and inclination can be markedly Improved by addition 
of frames (by the square root of N, with N the number of frames); second, 
the Identification for any faint object is more certain by virtue of 
observation over many frames; third, the Inclination of tne object can be 
determined. In theory data based on very long slews (90°) could be used to 
completely determine the orbital parameters of the debris. However, the 
determination would be based on only 2.2% of the orbit. 

Assume that the system slews for periods of 13 seconds at a time at a 
rate of 0.81 3°/second producing an effective arc of 10.4° length centered 
on the zenith. Assume 2 seconds reverse time and the next slew In the 
opposite direction. There are then 4 slews a minute. Thus for a 45 minute 
observing period, the total probability of detection with N equal to 10~ 7 
partlcles/kin^ is 

4x45x3.15x10“^ = o.55 acquisitions/evening, 

The 45 minute period is based on observations at an equatorial site 
beginning when the sun Is 6° below the local horizon. By simply adjusting 
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the rate the system could be used there after maximized for successively 
larger altitudes. An observing plan so designed might expect to double the 
dumber of acquisitions. One should therefore expect 

1.1 acquIsItlon/Evenlng 

One can of course, repeat these observations in the early morning hours 
using successively larger slew rates as morning comes. 

One should note here that the capabilities of the video data system 
enter Into the discussion above only for particle Identification and deter- 
mination of approximate orbital characteristics. The considerable gains 
possible In threshold detection from summation of frames have not been 
considered In the threshold calculation or in the acquisition rate 
determination. 

STATIC OPERATIONS 

Suppose that the Instrument is pointed upward toward the local zenith 
and fixed. In one 0.04 sec exposure the image of an object at 400 km moves 
9 pixels but the image of one at 1600 km moves only 3 pixels--the stars are 
effectively frozen moving only 1 pixel after 28/frames. The simplest cri- 
terion possible may be used for detection (one easily accomplished with 
modern video image proccessors) ; namely, whether an Image "moves" from 
frame to frame. In addition, the debris Images will be elongated. An 
object In a circular orbit at 400km altitude will cover at most 22 pixels 
(11x2), and In some frames, only 9; at 500km, this becomes 18, and in some 
frames 7; at 1600km, one finds 8, and In some frames 2. All possible 
Inclinations are included. 

The volume of space accessed in one exposure has the figure of a 
truncated pyramid whose bases are areas on the surface of a sphere bounded 
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by four arcs cf great circles with each arc of equal length. The spheres 
are centered on the observer and the radii -are the limiting altitudes given 
above. A simple differential volume element of the observing volume Is a 
section of a spherical shell of radius z and thickness dz bounded by 4 arcs 
of great circles each o^zkms In length where # 9 Is the field of view In 
radians. The number of particles per unit time passing through the small 
volume element of thickness dz and length on a side of z Is: 

nV(^z)dz 

where V Is the "circular" velocity of the debris, r 0 the radius of the 
earth, the FOV in radians, z the height above the earth, and n the particle 
density per (km) 3 . 

In a time t the number of particles which enter the slab element Is 

nV t («^z)dz 

Note that V Is just 



where V 0 Is 7.91 km/s. 

For all the particles observed then one has 

N ■ n V 0 * 0 t/7 Y zdz 

^ r 0 +z 
21 

Where T is the total observing time (taken to be 3600 seconds) with a change 
of variable to the distance from the center of the Earth to the region of 
Integration (simply r 0 + z), one finds 




Over a region stretching from 6770 km to 7970 km this gives 

N * 2.89 x 10 *9n 

For n equal to 10'9/km^ tins Is 
2.89 

detections. 

While the minimum detectable diameters In a single frame has been 
Increased by a factor of 2.6 at 500km to 2.31 cm, It has not Increased 
appreciably for larger altitudes. Further, more sophisticated multi-frame 
analysis techniques can be expected to recover much of the lost sensitivity. 
On the average, a particle in a circular orbit at 500 km will be Imaged 56 
times. Thus 4 or 5 marginal detections along a straight line may be suf- 
ficient for a positive Identification. 

One should note that meteor trails will be clearly unlike debris. A 
20km/s meteor at 100 km would produce a 135 pixel trail on a single frame. 

LIMITS OF OPTICAL DETECTION 
An ideal optical system must: 

1. Have sufficient collecting area and transmission to allow 
detection of the desired limit In one frame (here taken to be 
0.04 seconds). 

2. Be sufficiently fast to optimize the conflicting requirements 
of large field of view and effective pixel size when projected 
onto the sky. 
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3. Have a flat field over the field of view. 

We shall for this discussion assume a detector which provides 20 pixels per 
mm and an average quantum efficiency of 10 percent. We shall further 
assume Lambertian scattering from a spherical particle ef diameter d with 
albedo 0.5, distant R from the Earth's surface with a sun^oojeet-observatlon 
angle of 90°. The sky background as before Is 330 10th magnitude stars per 
square degree. The first condition above controls telescope diameter; the 
second, the f-number. 


Under the assumptions above one finds that 


I obs + 2.171 x 10 


■17 


ro 2 


where as before d Is the diameter of the debris and R Is altitude in units 
of 100 km. If one assumes that the product of collecting area as a percent 
of the geometrical collecting area, the instrument transmission, the sky 
transmission, and the quantum efficiency to be 0.0576, one has 


Flux producing photoelectrons = 0.0452D 2 ! 


obs 


where D is the telescope diameter. Thus, 


Number of photoelectrons 
' pixel and frame 


0.1098 d 2 p2 
R2 


For d => 1 cm and R - 10 (1000 km) 


Number of photoelectrons 
pixel and frame 


1 .098 x 10" 3 d2 


One must now determine! the minimum detectable signal In photoelectrons per 
pixel and frame. For purposes of argument let us set i;h1s number a$ 5 
which should be valid for any detector system under consideration. Then, 


I) n 67. S cm 

This result may be used as a sv.ale factor for comparison to other systems. 
The practical limit to telescopic detection from the ground is about 2 mm at 
1000km altitude. To go to 1mm would require a collecting area slightly 
more than 6 meters In diameter. Two caveats are necessary. First, Image 
processing of multiframe data could push down the detection limit by lower- 
ing the single frame signal required. Second, multimirror designs for 
large telescopes which give large effective collecting areas are under 
Investigation by at least three groups In this country. 

The background present In an individual detector element Is controlled 
by the focal length. If we require that 

$ = 1 
Jl + 20 

where S Is the signal, then B can be as large as 10 photoelectrons/plxel 
and frame. Using 4.32 x 10“^ watts per cm 2 per square degree and remem- 
bering that the sky subtended by one pixel is 8.208 x 10“ 2 /(f-number x D) 2 , 
we find that the minimum value is 

f -number “1.30 

One should remember that a larger f-number Improves the noise per pixel at 
the expense of field of view. 

Instruments of half-meter diameter with f-number as small as 1.3 and 



acceptable curvature of Help nave been constructed. Astronomical 
Instruments with I meter aperture are generally no faster than 1.8. 

For diameters beyond 1 meter an optical system with f.numbers as small as 
1.8 and flat-focal plane of 40em presents a significant technical problem. 
If the f -number requirement Is relaxed to 2.5 to 3.5. however, a number of 
optical approaches are possIhle-RIchey Chretraln systems. Schmitt optics 
with a curved focal plane of sufficient radius to be negligible over 40mn, 
and standard parabolic systemsat Newtonian or prime focus with field 

correctors. Systems using parabolic primaries and field correction should 
b£ examined in more detail. 

POSSIBLE OBSERVING SITES 

Maximum utilization of rapid slewing Instruments over any one night 
requires that measurements continue as long as a portion of the observable 
sky volume Is In sunlight. In short, one needs a site which has dark sky 
to horizons. Remarkably few developed observing sites in the continental 
United States meet this requirement. For example, the Kltt Peak and 
University of Arizona observatories both suffer from the growing problem 
o' the Tucson light dome. Nor do there appear to be any developed sites 
In California which are dark to the horizon. There are developed sites in 
West Texas. New Mexico, and Wyoming with very dark skys, however ell three 
suffer from the Western U.S. weather patterns which limit the number of 
usable nights per year. The best sites for this work available to U.S. 
observers are the obsovatortes on Maul (USAF a UH) and on Hawaii (IRTF. UH). 
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FUTURE IMPROVEMENTS IN DETECTORS 


The low light level television system Is a mature technology. It would 
appear to be difficult to push these cameras to larger effective areas. Two 
developing detectors which couid provide larger effective areas are charge 
coupled devices (CCD) and multi-anode mlcrochannel arrays (MAMA). The 
largest commercially available CCD Is an 800x800 array. However, there are 
ongoing efforts at GbFL to construct "mosaics" of the arrays to give very 
large detector areas. These devices have already been used both for astronomical 
and military observations. The MAMA systems are now approaching 1024x1024 
In the laboratory, and smaller arrays have been used in both astronomical, 
and military applications. At present these systems have approximately the 
same number of pixels per cm as the low light level cameras. Thus they 
offer the advantage of larger effective fields of view. The present indica- 
tions are that the MAMA technology will produce the greatest sensitivity. 
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Use of Ground Radar to Detect Reentering Debris 
Jeanne Lee Crews 

P' » O 1 o A NASA/Johnson Space Center 

5 " & 1 A 0 0 

During STS-3, a VHF phased array radar was set up at JSC. The radar was 
operated In conjunction with the electron beam experiment onboard STS-3. The 
dimensions of the radar antenna array are shown In Figure l. 

The radiation patterns for the radar are shown In Figure 2 and Figure 3. 
The 30° elevation angle was chosen to optimize the Ionospheric measurements. 

The wavelength of this radar Is 6 meters, which makes It very sensitive 
to Ionization trails produced by high speed particles .entering the atmosphere. 

These trails show up clearly on the radar display scope. 

During the observations of the Shuttle, It was noted that the frequency 
of these Ionization trails (events) Increased near the time the Shuttle 
crossed the radar beam. A representative example Is shown In Figure 4. The 
arrow represents the actual time the Shuttle was acquired by the radar. 

Figure 4 shows an Increase of event frequency approximately 4 minutes 
after acquisition of Shuttle (AOS). Some of the data runs have the peak event 
frequency occurring prior to AOS but in all cases It occurred within ^ L 5 
minutes of AOS. 

To Identify the type of particles producing the ionization trails 
(meteoroid or orbital), the velocity of the particle Is required. Meteor 

science has developed a method of approximating the velocity of a meteor from 
radar data. This method requires the time between the spacings of the Fresnel 
interference fringes, the range to the ionization trail, and the wavelength of 
the radar system. Figure 5 shows a plot of the radar echo versus time from 
which an approximate velocity of 7km/sec was calculated. This velocity Is 
indicative of an orbiting particle reentering the atmosphere. 

Since the frequency of events increases near ADS, are the particles in 
some way associated with the Shuttle? A partial answer to this question 
involve* - evaluating the orbital mechanics of the problem; that is, if the 

particles originate with the Shuttle, will orbital mechanics substantiate the 

relative position of the particles (as they reenter the atmosphere) with the 
position of the Shuttle (in orbit)? 

A program for determining spacecraft orbital decay due to perturbations 
(primarily drag) was utilized for a preliminary evaluation of the orbital 
mechanics of the problem. 

Many assumptions concerning the size, shape, density, etc. of the 
particles were necessary for the preliminary evaluation. These assumptions 
are shown in Figure 6. The particles were each started at a position In the 

Shuttle orbit and allowed to decay to an altitude of 100km (this altitude was 

chosen as a representative reentry altitude; a lower value may be more 
realistic and will be evaluated). 

The results of this program are shown in Figure 7. The orbital lifetime 
of the three particles is short enough that they essentially remain in the 
Shuttle orbital plane. 

The difference in argument of latitude (£U ) shows the angular (or time) 
difference (in the orbital plane) between the particles at reentry (t ) and 
the Shuttle's orbital position at t . 

These results, althouqh preliminary, do not negate the possibility that 
the events being observed by the radar may be reentering particles originating 
from the Shuttle. 


A dedicated radar will be built to further Investigate the reenterln 
debris problem. It will have a more powerful transmitter and a higher puls 
rate than the present radar. This radar will be operated during the upcomln 
Shuttle missions and the data will be correlated with onboard events to try t 
Identify the origin of the particles. 

A rigorous orbital decay analysis will be made for very small particle 
with various sizes, shapes, and densities to provide a theoretical model wit 

which to assess the radar data. , J ^ A 

Comparison of the Shuttle debris data will be made by observing othe 
spacecraft with the radar. . 

The results of this study will be Incorporated Into the orbital debrl 

math model . 
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PARTICLE SIZE, NUMBER, COMPOSITION AND VELOCITY FROM SOLID ROCKET MOTORS 

by 

N 85 '21^01 Barney B, Robert. 

*• ~ ® " NASA Johnson Spoee Cantor 

Houston, Texas 

BACKGROUND 

NAS A/ JSC became Involved in thia leaua because of the damoge potential to the Spaeo Shuttle 


ostlmaleo of the damage rosulted In Orblter upper stage separation dlotaneoo of §0 noutleal miles 
(worst ease), To aeholve this separation required a AV of 10 ft/ooe whleh eould represent a payload 
penalty of 3.&00 lbs, Figures 2 through § Illustrate the analysis and Impact of these particles on the 
separation maneuver. This Information Is furnished as background. The Items of interest to this report 
are, more specifically, the particle size distribution and composition, the velocity of the particles and 
the expected contribution from Shuttle launched upper stages, 

PARTICLE SIZE DISTRIBUTION 

The original estimates were based on historical data for the AI 2 O 3 particles and conservative estimates 
for the carbon particles (l.e., all carbon In each of eight large size “slots") (see figures). Subsequent to 
the original estimates, test measurements were made In the plume of actual upper stage motors 
during performance testing at the Arnold Engineering and Development Center (AEDC). 
The test results were different than the original assumptions. The carbon particles were very small *** ,Sm 
in diameter and the AI 2 C 3 was more sharply peaked (see figure 7). All test measurement techniques 
are size selective, therefore, it is risky to say that the AEDC test results are an accurate? representation 
of the actual particle distribution. JSC's best judgment Is that the actual distribution is somewhere 
between figure 6 and figure 7 except for the carbon particles. Since the equipment demonstrated its 
ability to collect larger particles (l.e., AI 2 O 3 ), it is very unlikely that there are carbon particles larger 
than ,5u. 

PARTICLE VELOCITY 

Figure 6 shows the particle velocities as determined by the best available plume computational 
technique. The figure demonstrates the difference between the original distribution and the AEDC 
distribution. This figure and figure 7 show that most of the particles have a velocity of 10,000*12,000 
ft/sec with respect to the upper*stage. To determine absolute velocities, refer to figure 10 where It Is 
noted that upper*stages will be launched from 160 n.ml. circular orbits. This gives an initial upper- 
stuge velocity of 25,300 ft/sec and the upper -stage burn will be poslgrade with the particles being 
retrograde. The upper-stage AV will be 8,000 ft/sec for a burn to geosync, and figure 9 shows the 
angular distribution ol the particles. In summary, all this adds up to the fact that many particles will 
reenter; however, a substantial number will remain in orbit and contribute to a growing population. 


EXPECTED QONTR'flUTION 

Tho Shuttle is scheduled to launch approximately 135 uppor-stages over Ms lifetime boohing at the 
cui antly scheduled flights and averaging over a yearly basis yields tho contribution of particulates 
from tho uppor»otagos, Flguro 10 shows that, on tho average, 91,045 lbs of AlgQg will bo ejected on 
each launch, Tho analysis to determine how much of this 91 ,048 lbs will remain in orbit or tho decay 
rato is yot to bo accomplished. 


PARTICLES SMALLER THAN 1 MM 


OUTLINE 


1. PLUME-PARTICULATE DAMAGE ANALYSIS 

2. PLUME-PARTICULATE PROPERTIES 

3. PROJECTION FOR FUTURE 


4. PROPOSED EXPERIMENT 


Figure 1, Outline. 
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• PROJECTED AVERAGE 

LAUNCH RATE AND EJECTED 

a s2 o 3 lbs 


MISSION MODEL 
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55,002 
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61,770 

137,607 


• TOTAL YEARLY COMTRlftiiTinM 


• 137 KLBS A K2 0 3 

• INCLINATION 28.5° 

• ORBITAL ALTITUDE 160 NM 


Figure 10.* Projection for future. 




NASA/JSC IS PURSUING 
PARTICULATES 


A 2 PHASE EXPERIMENT TO MEASURE UPPER STAGE 


• PHASE I - PASSIVE 




- EXPOSE 4 SQ-FT OF WITNESS SAMPLES TO 

- EVALUATE WITH SEM 

- YIELD - PARTICLE ENERGY 
PHASE II - ACTIVE 


UPPER STAGE PLUME 


- COOPERATIVE EXPERIMENT WITH MAX PLANCK INSTITUTE, HEIDELBERG. 

- MEASURE 


ENERGY 

VELOCITY 

DEDUCE MASS AND SIZE 


• STATUS: 

• PRELIMINARY PLANNING 

• SOME FUNDS MAY BE AVAILABLE IN FY 83 

• LETTER OF COOPERATIVE AGREEMENT ON WAY TO NASA HEADQUARTERS 


Figure 11. -Proposed experiment. 
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Hypervelocity impacts on Skylab IV/ Apollo windows 


Uel S. Clanton, 1 Herbert A. Zook,' and Richard A. Schultz* 

'Geology Branch, NASAJohnson Spuce Center, Houston, Texas 77058 
‘Lunar and Planetary Institute. Houston, Texas 77058 


Abstract— The three largest Skylab IV Command Module windows that were exposed for 84 days to 
space were optically scanned for impact features as small as 30 fim in diameter. This scanning effort, 
which was carried out at an optical magnification of 35 x , detected features approximately three times 
smaller than were found in the original 5x scanning effort over the entire window surface by Cour- 
Palais (1970). Some 289 features were recorded from the 35 x scan for later detailed analyses. Sixty 
of the largest and most promising features were cored from the windows for SEM and EDS analysis. 
Twenty-six of the cores contained craters wkh glassy pits, and of these, fourteen were found to 
contain strikingly obvious liners coating the interior of the glassy pit. The six largest features cored 
from the windows do not have a central glassy pit which leaves their previously reported hypervelocity 
origin in some doubt. 

The remaining twenty-eight features that were cored from the windows show no clear evidence ror 
a hypervelocity origin and evidence available at this time is insufficient to identify an origin in earth 
orbit or as ground damage. EDS analysis of six of the seven liners that have been examined show 
detectable aluminum in the liner or lip of the glassy pit. The source of aluminum is most probably an 
earth orbiting population of aluminum oxide spherules, exhaust effluent from solid rocket motors. 


INTRODUCTION 

The role of microparticle impacts in space and on planetary bodies without an 
atmosphere has been the focus of considerable research in support of the space 
program. Laboratory studies and analysis of lunar samples provide the bulk of 
reference data. This research outlines some new and unique observations of 
crater morphology on the Skylab IV/ Apollo windows, features that have not 
been observed previously. These unusual data have renewed interest and resur- 
rected certain questions about the nature and origin of some of the impacting 
materials in space. Our preliminary results are presented in support of this re- 
newed interest. 

The Command Module (CM) windows of the Skylab 111 and IV missions 
recorded the near-earth impacting meteoroid flux for periods of 59-1/2 and 84 
days, respectively. Cour-Palais (1979) examined these windows for meteoroid 
impact craters and obtained an impact flux in very satisfactory agreement with 
his previous analyses of windows from the earlier Apollo missions. 


These data have several important applications including: ( I) obtaining absolute 
lunar regolith evolution rates; {%) establishing the current absolute erosion rates 
of lunar rocks; (3) establishing the surface exposure duration for certain lunar 
rocks still in crater production (if the cratering rate is assumed constant in time); 
(4) providing a foundation for deducing the space survival time of meteoroids 
against the collisional destruction of other meteoroids. However* questions had 
arisen about the origin of the impacting flux. These questions were derived largely 
from the investigations of Hallgren and Hemenway (1976) and Nagel ct al. (1976) 
who detected abundant aluminum in some of the impact craters analyzed from 
Skylab experiment (S-I49). Hallgren and Hemenway showed from field-of-view 
considerations that some of the craters with aluminum were produced by hyper- 
velocity impacts and were not derived from secondary ejecta from the adjacent 
orbital workshop. As there are no expectations of meteoroids with only aluminum 
and no other elements (with Z>11 and thereby detectable by energy dispersive 
X-ray analysis)* these results gave rise to a suspicion of an earth-orbiting cloud 
of debris. 

The above considerations* in part, prompted us to undertake a careful reex- 
amination of the Skylab IV CM windows for meteoroid impacts. We rescanned 
these windows optically at a magnification of 35 x. This compares with the orig- 
inal 5x scan of the entire window surface and a 20x scan of 224 cm 4 of surface 
area (Cour-Patais, 1979). With our detection threshold set for a 30 (im impact 
spall diameter which corresponds to a pit diameter of about 7 /im, we had hoped 
to detect the inflection point (where the graph curvature changes from convex to 
concave) in the cumulative pit diameter distribution seen by Morrison and Zinner 
(1977) in lunar data. With the increase in meteoroid impact velocity largely due 
to the gravitational field of the earth* we anticipated that this inflection point 
should move to about 10 fim assuming the fused silica windows reacted similarly 
to lunar materials. We should, therefore, have had some chance of detecting this 
inflection point with our improved optical resolution. 

WINDOW EXAMINATION AND CORING 

The spacecraft windows are held in place by a gasket and a frame that restricts 
the area of exposure. The exposed area of each window was determined by 
cutting out sheets of paper to fit snugly into the recessed area of the window 
frame and then measuring the areas of these paper sheets with a plani meter. We 
measured areas of 940 cm 2 each for the right and left windows and 685 cm 2 for 
the hatch window. The last number differs somewhat from Cour-Palais' (1979) 
determination of 740 cm 2 for the hatch window. We believe our procedure yielded 
a more precise result (±\% error) than did his approximate procedure. Wc then 
scribed the outline of these exposed areas on the Skylab IV CM windows with 
a diamond point pen in order to minimize the amount of area we needed to search 
for hypervelocity impact craters. 

After cleaning the surfaces with a detergent (Alconox), the windows were 
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optically scanned for candidate impact-craters at a magnification of 35 x, a small 
area of about 30 cm* was scanned at 50 k, We feel that we were able, at 35 x, to 
detect and examine essentially all craters with-a spall diameter larger than 40 am. 
Our threshold was set at 30 pm but it is probable that we failed to delect some- 
thing like \Q/c of the Crater population at that threshold. For the 50 k scan we s et 
a threshold of 15 Mm. 

To do the optical scanning we used a System C-7200 COSCAN optical com- 
parator made by Optronics International (Chelmsford, Mass.). This system has 
an optically transparent table riding on an air bearing with 25 cm of travel In both 
x and y directions. We used it with transmitted light so that the craters would 
show up as shadows in an otherwise clear view. The table was motor driven with 
a logarithmic x-y controller and proved to be very satisfactory for our purposes. 

Each window was scribed into four quadrants which were then scanned sep- 
arately. When a crater was found, we searched it for features (such as a glassy 
pit) that would indicate a possible hypervelocity impact origin for it. The optical 
comparator had a 2k zoom capability that was useful for more detailed viewing. 
All those craters that were considered to be of possible hypervelocity impact 
origin were then recorded by a penciled dot on a sheet of white paper precisely 
positioned by retaining tabs glued on the sides of the window. Each such dot was 
numbered for later reference. We recorded 25 craters on the hatch window, 140 
on the right window and 124 on the left window for a total of 289 craters. Ap- 
proximately two hundred other features were dismissed during the optical scan- 
ning as pits clearly resulting from glass polishing processes or from some other 
non-hypervelocUy impact origin. 

The sixty crater? that were optically judged to be the best candidates for a 
hypervelocity origin were then cored from the three windows, 25 from the right 
window, 22 from the left window and 13 from the hatch window. Four other 
craters were accidentally destroyed during the coring process. A one millimeter 
thick wafer containing the crater was then sawed from each core and ultrasoni- 
cally cleaned in acetone, methonal, liquid freon, and occasionally, triply distilled 
water. Samples were then sputter coated with about 25 A of Au40:Pd60 alloy to 

M 07 m Ce rt n artifact fre ' ' rface uslng the tec hnique of Morrison and Clanton 
(1979). The coated samples were examined with a JEOL SEM-I00CX TEM- 

SCAN which is capable of better than 30A resolution point-to-point at 100,000k 

in the SEM mode. Chemical analysis data were obtained with a Princeton 
Gamma-Tech 1000 EDS. 


CRATER MORPHOLOGY AND CHEMISTRY 

Although all of the cores contained features whose origin was suspected to be 
rom hypervelocity impacts, the magnification, resolution and depth of field of 
the optical microscope was inadequate to characterize or classify the features. 
Based on SEM studies, the impact features can be grouped into three mqjor 
ypes. ( ) Glassy pit craters, microcraters with a central glass lined pit surrounded 
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by a raised lip of impact-fluidized glassy material, (2) pitless craters, microcraters 
without a central glass-lined pit and raised lip but with well developed zones of 
radial and concentric fracture, (3) damage craters, shallow features without fluidized 
glass but wi'h poorly developed radial and concentric fracture. 

Glassy pit craters 


Twenty-six examples of hypervelocity impacts that produced impact-fluidized 
glassy pits and raised rims have been documented. The morphology in general 
is similar to features observed on lunar samples but the spall zones often appear 
to be more shallow (Fig. I). However, twelve of the glassy pit craters, unlike 



Hg. 1. SEM micrograph of a hypervelocity impact pit of probable micrometeorite origin. 
Fractures radiate from the glassy rim that surrounds the deep central pit. Most of the 
original surface near the point of impact has spalled away leaving conchoidal fracture 
scars. Four of the radial fractures extend beyond the conchoidal spall zone. A small 
portion of the original surface extends out over the glassy rim and serves to illustrate 
how the impact feature forms below the original surface. Surrounding the spall area is 
a thin white line that marks the edge of the magnesium flouride antireflection coating on 
the window that has been torn away by the impact event. 

Hg. 2. SEM micrograph of a liner costing the interior of a hypervelocity impact pit. 
Based on the morphological relationships of the liner and the pit, a scenario during 
formation can be outlined. Some rather restricted conditions for the impact event are 
indicated and in particular, low impact velocities ( < 10 km/sec) are required because of 
the large amount of projectile material that survives the impact. 

Initially, sufficient impact energy is available to form the classic glassy pit which chills 
rapidly. The projectile which is shock melted is sufficiently plastic to deform to the 
shape of the host pit yet not so fluid as to mix with and become an integral part of the 
glassy pit wall. The liner cools and contracts forming a cast of the pit wall. The sepa- 
ration of liner from the pit wall suggests materials with differing physical and chemical 
properties. 
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Fig. 3. SEM micrograph of a hypervelocity impact crater with two liners coating the 
interior of the glassy pit. Doth the liners, although now incomplete and broken, appear 
to conform to the irregular interior of the pit yet are clearly separate from the wall and 
each other. The outer liner is crossed by several tension cracks; droplets and debris 
partially cover the exposed surface. The inner liner, exposed where the outer liner has 
broken away, is generally smooth with a surface that is almost totally free of debris. 

Fig. 4. A higher magnification view of the broken edges of the double liner shown in 
Fig. 3. Some of the clues of the dynamics of crater and liner formation are illustrated 
in this SEM micrograph. The two layers were sufficiently plastic during emplacement 
to deform and coat the interior of the pit but because of physical or chemical differences, 
the layers do not mix with and become an integral part of the glassy wall. Further 
cooling and contraction tends to accentuate the separation of the liners from the host 
Pit. The liners appear to have a fairly uniform thickness; the top liner is about 2000A 
and the bottom liner is about 3000A thick. 

lunar samples, show clear evidence of a glassy liner in the pit (Fig. 2). Addition- 
ally, two other examples have been found that have a double liner (Figs. 3 and 
4). Six elongate craters have also been documented and two of these .ave partially 
developed liners (Fig. 5). One crater which has a pit within a pit was also found 
(Fig. 6). 


Pitless craters 

This group contains the six largest features of possible hypervelocity impact 
origin observed on the windows (Fig; 7). One has a spall dimension of over 
1 mm. The crater morphology is chi-./acterized by four distinct and concentric 
zones, (I) a large outer shallow spall, (2) a deeper spall with well developed radial 
fractures, (3) a depressed shatter zone of radial and concentric fractures and (4) 
a deep central shatter pit with well 1 developed radial and concentric fractures. 
There is, however, no clear evidence impact-fluidized melt and no central pit of 
melted glass. 
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Fig. $. Elongate hypervelocity impact craters on lunar samples are rare. This crater on 
the SL-4 window is not only elongate but also has a liner that is partially developed in 
the central pit. Although EDX analysis of the chemistry of the impact products is 
incomplete, Si and a small amount of Ti are the only elements detected in the rim 
materials of this crater. 

Fig. 6. The SEM micrograph illustrates a hypervelocity impact pit of possible micro* 
meteorite origin. Alhtough the general morphology resembles what has now come to be 
expected from a hypervelocity impact on the lunar surface, the interior morphology of 
the glassy pit is unusual. The normally concave floor is penetrated by a deeper and 
nearly concentric pit. An irregularly shaped projectile may explain the origin of the 
double pit. 


Damage craters 

These features have some morphological feature that suggest a hypervelocity 
impact origin when viewed under a binocular microscope. Further study with the 
SEM, however, dictates a low-velocity impact origin The variety of fracture, 
shatter and spall morphology indicates that a wide range of particle sizes, dens- 
ities and velocities contributed to the window damage. Figure 8 illustrates the 
damage from a low-velocity directional impact. 

A higher energy origin for some of the damage craters may be argued on the 
basis of deep corichoidal spalls and well developed radial fractures. Some of these 
craters have what appears to be a fused aggregate of particles a few hundred 
angstroms in diameter that partially cover selected areas within the spall zone. 
These “popcorn” like features (Fig. 9) may represent incipient melting of pro- 
jectile or target material, or perhaps some form of contamination that was not 
removed during the cleaning processes. Studies to date have not yet dearly iden- 
tified an origin for these features. 

Only a limited amount of chemistry has been attempted on the samples at this 
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time. The data are limited to some qualitative EDS analysis and WDS analysis of 
some of the glassy pit craters with liners. The Skylab IV/ Apollo window material 
is an optical grade of fused quartz and impurities do not exceed a few parts per 
thousand. The surface of the window is coated with about 200 angstroms of 
magnesium floride, an antireflection coating. EDS analysis of areas on the un- 
damaged window easily detects the Mg°rich surface. In the spall areas, Si is 
typically the only element that can be detected. Six of the seven lined glassy pit 
craters that have been analyzed by EDS show detectable aluminum in the liner 
or rim material (Pig, 10). Additionally Ti has been detected in the rim of one of 
the elongate and lined glassy pit craters (Fig. 3). 

Because much of the EDS analysis must be done on submicron thick features, 
considerable effort will be required to obtain more quantative data. The glassy 
pit crater shown in Fig. 2 was also subjected to extensive analysis on a Cambridge 



Fig. 7. The pitless craters are the largest damage features on the SL-4 windows and do 
not have a clear hypervelocity origin— no glassy central pit remains. There is evidence 
based on some laboratory tests, however, that the glassy pit may be dislodged by the 
violence of the impact event. 

The damage typically forms four distinct zones (I) an outer very shallow spall about 
I mm in diameter, (2) a deeper spall about 500 *tm in diameter that is characterized by 
large well developed radial fractures, (3) a depressed shatter zone about 230 nm in 
diameter of smaller radial and concentric fractures, and (4) a deep shatter pit about 150 
#*m in diamter with well developed radial and concentric fractures. 

Fig. 8. A number of features too small to be clearly characterized with an optical mi- 
croscope proved under SEM analysis not to have a hypervelocity impact origin; no 
central glassy pit had been developed. The variety of fracture, spall and shatter forms 
indicate a range in particles sizes or densities or velocities may have contributed to the 
window damage. 

A zone of shatter marks the impact point of the projectile. The conchoidal spalls are 
unequally developed and asymmetrically arranged. An origin from a low-velocity direc- 
tional impact is indicated. 
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Fig. 9. Some of the craters in the Sky lab IV/ Apollo windows have patches of what 
appear to be individual particles, son^e 400 to 60QA in diameter, that appear to have 
been fused together to form a “popcorn” morphology. This material may represent 
target material that has been partially sintered or may represent some form of contain- 
matron that was not removed during the cleaning process. EDS analysis of submicron 
panicles is difficult and a definite composition has not yet been obtained. 

Fig. 10. EDS Spectra from the rim of a glassy pit crater. The verticle axis is count rate, 
the horizontal is energy (KeV). The dominant peak is silicon from the fused quartz 
window. The aluminum occurs only in the glassy rim material. The source of the alu- 
minum is thought to be from aluminum oxide spherules, exhaust effluent from solid fuel 
rocket motors. 

SEM equipped with wave length dispersive spectrometers (WDS). This WDS 
study confirmed the earlier EDS analysis; A1 was the only foreign element that 
could be detected in the glassy pit/liner. 

Crater morphology from hypervelocity impacts on lunar samples has been ex- 
tensively documented since the return of the Apollo 1 1 samples (e.g., Carter and 
McGregor, 1970; Frondel et al., 1970; Goldstein et til., 1970; McKay et al .» 

Later \ severaI rese a r <=h groups (e.g., Hdrz et al., 1971* and Fechtig et al., 
1976) carried out exhaustive surveys of microcratering on lunar rock surfaces. 
An extensive bibliography and review of the cratering literature is given by Ash- 
worth (1978). Additionally, the work of Morrison and Clanton (1979) documents 
details of craters less than 1000A in diameter on lunar samples. 

Experimental studies of hypervelocity impacts under controlled laboratory con- 

R ? y et al " l972; Roy and s,attCf y. >973; Mandeville and Vedder, 
1971; Vedder, 1971* 1976) provides an additional insight into such variables as 
projectile velocity, density, angle of incidence and the role of different target 
materials. A review of the equipment and the various techniques that have been 
used to produce hypervelocity impacts under laboratory conditions is given by 
echtig et al . (1978). Additionally* a brief description of the micrometeoroid 
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detectors that have been flown in space is provided along with some of the prob- 
lems associated with eross calibration of equipment /experiments. 

The literature on lunar samples and laboratory simulations fails to document 
previous observations of liner morphology similar to those occurring on the Sky- 
lab IV/ Apollo windows. The literature does, however, provide a precedent for 
hypervelocity craters with high aluminum. Hallgren and Hemcnway (1976) ana- 
lyzed 18 craters found on the S-149 Skylab experiment using a SEM with BPS 
eapabihty and observed that most of the craters had high aluminum contents, 
i he high aluminum contents are inconsistent with the observations of Anders et 
al. (1973) for the composition of meteorites in I jnar soiis. Although Nagel vt al. 
(1976) and Hallgren and Hemenway (1976) could relate most of the hypervelocity 
pits to primary or secondary impacts from space debris, some craters appeared 
to have a true micrometeorite origin. 

Our detection of high aluminum in six of the seven glassy pit craters with liners 
supports the findings of Hallgren and Hemenway (1976) and Nagel el al, (1976) 
A source for the aluminum may be inferred from indirect evidence; Brownlee et 
al. (1976) comment that 90 percent of the collected stratospheric particles «n the 
3 to 8 fim range are aluminum oxide spherules. Sampling flights through the 
exhaust plumes of Titan III rockets identified the source of these partichs as 
exhaust effluent of solid rocket motors (Ferry and Lem, 1974). The review b > 
Brownlee (1978) of stratopsheric microparticle collection and anal.w discu s :- 
the basis for identifying cosmic dust particles in this background of t ocxet exhau jt 

f fluent, terrestrial contamination and other man-inducec- space debris (titanium 
based paint flakes). 

Our original god was to determine the micrometeorite flux in near earth orbit. 
Our study has presented us with a much more complex problem than was first 
anticipated. We now find that we must separate a natural flux from a man-induced 

, \L t . th ' s tfme * thc origin for two of the crater morphologies is not totally 
clear. The literature fails to provide a previous example of glassy liners in glassy 
pit craters in glass targets. However, Cour-Palais (pers. comm.) has observed an 

example of aluminum from a metallic projectile lining a hypervelocity nit in a 
copper target. 


Additionally, the largest craters on the window do not have a clear hypervel- 
ocity origin. The radial and concentric fracture pattern of these features is char- 
actcristically associated with hypervelocity craters with glassy pits, yet no clear 
u*ace of a glassy pit remains. Some basis for arguing that the glassy central pit 
may have spalled from the surface can be developed. Cour-Palais (pers. comm.) 

r . s ^ arr ‘ ed °“ l '? nu , mber of hypervelocity impact experiments that resulted in 
the ejection ot the glass-lined pits from the fused silicate targets. These experi- 
ments were done with a light gas gun with projectile velocities in the range of 7 
to 8 km/s. Also Carter and McKay (1971) noted an example or a pit that had 

velolbv^ih 8 ParCm Cra , ter , in a heated <750°C) fused silica target. The impact 
we ca I h 'f ? ase was ?' 2 km/s * Notwithstanding these observations, however, 

occarZJ 22 C SUre i hat the s [ x ,ar8est craters did not result from processes 
g ing manufacture, checkout or recovery of the Apollo spacecraft. 


185 


*1 




.i 

i 

'• 


? 

ij 

f 

vi 

\ 


l! 









CRATER SI£E DISTRIBUTION 


Cumulative crater size distribution based on SEM studies obtained from 32 of 
the 60 Skylab IV/Apollo window cores are shown in Fig. II. The six largest 
features, the pitless craters* are plotted as closed symbols; the 26 glassy pit 
craters comprise the remaining plot of data. The 28 damage craters are not in- 
cluded. The 14 craters that have a liner which coats the central glassy pit urc, in 
addition, replottcd separately to the lower left in Pig. 1 1. .In each case the total 


CUMULATIVE CRATER SIZE DISTRIBUTIONS 
ON THE SKYLAB 12 CM WINDOWS 



Pig. It. Cumulative crater number versus crater pit diameter in micrometers for the 
three Apollo Command Module windows from the 84-day Skylab IV mission. Except 
for the six largest craters shown as filled symbols, only those ctaters were chosen that 
have a remelted glass-lined pit strongly indicative or hypervelocity impact. The data 
points to the upper right constitute a plot of all the larger candidate hypervelocily craters 
from the three windows, while the data points to the lower left ure a subset in which the 
gluss-tined pit has a separate inner liner of apparently foreign material. Morrison and 
Zinner's (1977) plot (renormulized to equal 7.5 ut a 40 *tm pit diameter) of impact pits 
On lunar rock 12054 is shown for comparison. 
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number of craters with a pit diameter larger than some chosen diameter are 
plotted versus that diameter. Both axes are scaled logarithmically. 

Pit diameter was measured on SEM micrographs from rim center to rim center 
as presented by Morrison and Sinner (1977) but unlike Cour-Palais (1979) who 
measured the diameter of the interior of the rim. This difference in measurement 
becomes increasingly important in the smaller craters where the rim width is 
comparable to the rim diameter. 

The shape of the cumulative curve formed by the 32 Skylab LV/Apollo datum 
points does not resemble the lunar impact pit size distribution curve obtained by 
Morrison and Zinner (1977) on lunar rock 12054* shown as a solid line on Fig. 
1 1 (renormalized for easier comparison). These observations raise questions as 
to the origin of either the lunar impact pit data or the window impact pit data. 
One possible solution could be that neither the pitless craters nor the glassy pit 
craters with liners are due to meteoroid impact. A curve excluding both the pitless 
craters and the glassy pit craters with liners does give rise to a curve nearly 
parallel to the Morrison and Zinner (1977) lunar rock data. Another possible 
solution is to presume that many of the smaller lunar impact craters are formed 
by hypervelocity secondary ejecta. This latter solution seems less probable, how- 
ever, because one would then also expect to see numerous low velocity impact 
features; but lunar samples are dominated by the glassy pit craters. 

Because of our uncertainty as to the actual fraction of the impact craters that 
were due to meteoroid impacts, a flux vs. size curve is not now presented. How- 
ever, to make a flux calculation in numbers of impacts per cm 4 per year, one 
merely divides the observed number of craters down to some chosen limiting 
diameter by 215. The number 215 is derived by reducing the window area (2565 
cm 2 ) to an effective area that sees 2rr steradians of space after accounting for 
Skylab and ATM shielding, window inset shielding and earth shielding (see Cour- 
Palais, 1979 for details) and then multiplying that effective area by the exposure 
duration in years (84 days = 0.23 years) of the windows. If one subtracts both 
the pitless craters and the glassy pit craters with liners from the data, a flux 
approximately 2.5 times lower than that given by Cour-Palais (1979) is obtained. 


SUMMARY 

Although more work clearly needs to be done to fully understand the origin and 
distribution of the microcraters on the Skylab IV/ Apollo windows, the following 
observations seem pertinent: 

1. Aluminum is detected as the only foreign component in six of the seven 
lined glassy pit craters so far examined by EDS analysis. The most probable 
source is from aluminum oxide spherules, exhaust effluent of solid fuel rocket 
motors. The seventh crater contains titanium which may have been derived from 
an impact of a chip of thermal paint. 

2. The size distribution of the lined glassy pit craters appears to be compatible 
with an origin by hypervelocity impacts of aluminum oxide spherules. If the 
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aluminum oxide spherule* are in earth orbit, impact velocities largely in the range 
ot 7 to 10 km/s should be expected, Thus, the impact velocities are well below 
those expected for most impacts by micrometeorites and these lower velocities 
may be significant in the development of the lined glassy pit craters. 

3. The documentation of hypervelocity impacts on Skylab IV/ Apollo windows 

a, “ mirtum suppor4 the observations of Hallgrcn and Hemenway 
(1976) and Nagle ei at. (1970) and strongly indicate that there is a significant 
population of man-induced mic/odebris in earth orbit. 

4. The six largest craters observed on the windows are pitless craters. No 
impact fluidized glass is in evidence and an origin has not been clearly established. 
However, th-5 conchoidal and radial fracture pattern of the pitless craters more 
closely resembles that observed with hypervelocity impacts than damage caused 
during polishing, window installation, ground operations, recovery, etc 

5. The shape of the curve of the Skylab IV/ Apollo cumulative number versus 
pit diameter plot compares favorably with the Morrison and Zinner (1977) lunar 
curve only when the pitless craters and the lined glassy pit craters are excluded. 
We have not yet seen the inflection point expected at -10 gm pit diameter. 


NA?TiQ d r rT?h'“ We a * de f P ' y lndeb,ed *° Fred Pearce °f »he Flight Equipment Section of 
1,”~/ V ' JSC ; or ‘ be use of h,s 'aboratory facilities. His patience and understanding during the three 
month period while we used the optical comparator is siricerley appreciated. 

i ..ni.r 0 ^ 1 ?^ thiS re! j ea ''? h was done while R. Schultz was an undergraduate Summer Intern at the 
Lunar and Pla- etary Institute, which is operated by the Universities Space Research Association 

p^consI.wT' NAS J*d. 310 W ' th ,hC Na,iorta, Aeronautics and Space Administration. This 
paper constitutes Lunar and Planetary Institute Contribution No. 419. 
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aluminum and silicon. The non-AOS exotic particles are provisionally classified as 
man-made contaminants (terrestrial contamination, artificial, TCA). The "contami- 
nation" -term Is used primarily to Indicate a non-cosmlc origin. 


Natural contaminants (TCN particles) Include fragments of quartz, feldspar, clay, 
carbonate minerals and volcanic ash. Prior to flight, both wing and pylon surfaces are 
wet-wiped to remove adhering particles. However, a few particles from the runway or 
from the lower atmosphere may temporarily cling to wing or pylon surfaces. Some of 
these particles may blow free when the collectors are deployed in the stratosphere and 
be caught by the collectors. In contrast, volcanic ash can be collected directly from 
the stratosphere after major eruptions. For example, the March/April 1902 eruptions of 
El Chlchon In Mexico Injected a 1ar*ge volume of ash Into the stratosphere* some of which 
was collected during two separate missions flown In April/May and July/August of 1982, 


The aluminum oxide spheres (AOS) are rocket exhaust effluent produced by the oxidation 
of aluminum powder that Is used as a fuel additive In solid-fuel boosters. Collections 
(10) made with a U-2 aircraft flown through the exhaust plume of a Titan launch 
documented two of the eight sphere morphologies that we see In the present collection 
The re , as ?ns for the different sphere morphologies and the slight chemical 
variations revealed by our studies are not well understood and present an opportunity 
for additional research. 


Because the primary purpose of our program is to collect and curate cosmic dust, very 
little effort has been devoted to the exotic spherules and metal fragments. Some of 
these particles may come from the operations of the aircraft but the alloy spheres are 
most probably ablation products created by orbital debris re-entering the Earth's 
atmosphere. 


Survey of Possible Orbital Debris Samples 


It is beyond the scope of this paper to discuss the full implications of the various 
particle types in the JSC Cosmic Oust Collection. However, a brief review of some of 
r£l e * pa r t Jf l? s ’ n the co ^ ect i° n will illustrate the types of micrometer-sized material 
that might damage a spacecraft. Accordingly, we have compiled data pages for particles 
representing the natural "cosmic" and man-made populations, respectively. Each data 
page includes an SEM secondary-electron image and a whole-particle, raster-scanned EOS 
spectrum. In addition, other observable properties are summarized as follows: 


Size (micrometers): two principal dimensions as seen in SEM Image. 

Shape: E (equidimensional), I (Irregular), S (spherical). 

Transparency: 0 (opaque), T (transparent), TL (translucent). 

Color: self-explanatory; Ok (dark), Lt( light). 

Luster: 0 (dull), M (metallic), SM (submetal lie), SV (sub vitreous), 

V (vitreous). 

Type: AOS (aluminum oxide sphere), C (cosmic dust), TCA (terrestrial 

contamination, artificial), TCN (terrestrial contamination, natural). 


It should be noted that in some of the EOS spectra, the peak labeled "CU" may include 
contributions from both sample and Instrument. During analysis, stray electrons induce 
copper x-radiation from some SEM internal parts to produce a "CU" artifact peak. 
However, some TCA particles yield EDS spectra with such intense "CU" peaks that copper 
indigenous to the sample particles is strongly indicated. 


191 





Figures 1 through 4 provide examples of four different types of cosmic dust particles. 
Figures 5 through U Illustrate some of the shapes and surfaces observed on aluminum 
oxide spheres collected from the atmosphere. Figure 12 Is a size-frequency histogram 
of the AOS. The § micrometer data is biased toward low abundances both by aircraft 
collector efficiency and by the analyst selectively picking larger particles from the 
collection surface for analysis. Considering this bias, the plots of catalog data 
Indicate that some 17 precent of the AOS collection Is twice the diameter, hence eight 
times the mass, as previously reported for aluminum oxide spheres (10). 

Figures 13 through 25 Illustrate some of the particles we consider to be Terrestrial 
Contamination Artificial (TCA) particles. These particles have elemental compositions 
that are different from cosmic dust and "natural contaminants". They most likely 
represent aircraft or spacecraft debris; some of the spheres probably represent 
explosion debris or ablation products from larger masses reentering the atmosphere. 
Additionally, the elemental compositions of some of the TCA particles may provide clues 
to the compositions of hardware or alloys used In some spacecraft. Figure 26 is a size 
frequency histogram of the TCA particles. The greatest abundance of particles Is, 
again. In the 5 to 15 micrometer size range, but It is ngnlficant to note that 
Individual particles up to 35 micrometers have been collected in the stratosphere and 
may be expected to occur in Earth orbit. 


Conclusions 


The JSC cosmic dust collection contains samples of at least three classes of material 
that may present some hazard to extended spacecraft operations in near-Earth orbit: 
(1) micrometeorites/cosmic dust, (2) aluminum oxide spheres (AOS), and (3) alloy 
spherules and fragments (TCA). 

A more complete analysis of the types and sizes of cosmic dust particles may provide a 
better understanding of the natural particulate environment. In addition, further 
analyses of AOS and TCA samples may provide additional information on the manmade 
Earth-orbital debris population. 
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Figure 1 • Sample W7017B3. Type: Co9m1c 

This particle Is classified as cosmic because of Its morphology and elemental 
composition. The particle Is composed of a fragile aggregate of rounded grains ranging 
In size from a few hundred angstroms to several micrometers in diameter that are 
combined to form an open and porous mass. EDS analysis of selected areas Indicate that 
the larger grains are pyroxenes. The "AU“ and "FD" peaks In the EDS spectrum are 
artifacts of the gold-palladium coating applied to the particle prior to SEM analysis. 
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Figure 2 - Sample W7029813. Type: Cosmic 

This particle Is classified as cosmic because of Its morphology and elemental 
composition. It Is composed of large and somewhat angular micrometer- sl 7 ed grains set 
In a matrix of smaller, more rounded grains. Qualitative bulk analysis by EDS Indicates 
the presence of at least two mineral phases, a pyroxene and an Iron-sulfur compound. 
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Figure 4 - Sample W7017C2. Type: Cosmic 

This particle Is classified as cosmic based on the CDS elemental analysis, and to a 
lesser degree, morphology. Although the elemental composition is not a good match to 
our usual mineral standards, a high-calcium pyroxene is the most probable source 
material. The spherical shape Indicates a previous molten state, perhaps as an 
ablation droplet from a larger mass. 
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Figure S - Sample W7017C9. Type: Aluminum Oxide Sphere (AOS) 

The classification as an AOS Is based on morphology and the dominant aluminum peak in 
the EDS spectrum. The EDS technique does not Identify elements lighter than sodium so 
the composition as an oxide, carbide, nitride, etc., Is incompletely known from the 
preliminary examination data. Some 14 percent of the AOS analyzed to date have the 
concentric-circular ("target 1 ') morphology exhibited here. The feature is probably 
formed by bunched growth tines or "growth steps" on the surface of the sphere during 
crystal 1 ization. The conditions necessary to form this surface morphology are not well 
understood at this time. 
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Figure 6 - Sample W7017C12. Type: Aluminum Oxide Sphere (AOS) 

This classification Is based on the sphere morphology and the Intense aluminum peak In 
the EDS spectrum. As shbwn here, not all AOS particles have perfect spherical shapes; 
some have been quenched with some distortion of shape. This specimen appears to be two 
particles that stuck together while both were still plastic; the groove marks the 
collision boundary. The "target" patterns (see Fig. 5) terminate at the groove 
boundary; the flat area may represent the partial developmant of a crystal face. About 
14 percent of the AOS collection appears to consist of such multiple-component 
particles. 
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Figure 7 - Sample W701705. Type: Aluminum Oxide Sphere (AOS) 

This classification Is based on the particle morphology and the intense aluminum neak 
In the EOS spectrum. Approximately 25 percent of the AOS particles awl wed to date 
have 9 variation of the "brain" texture exhibited here. Approximately 17 
percent of .he collection has the coarse "brain" texture pictured here whereas some 8 
percent of the collection has a much finer "brain" texture. The oriqin and conditinni 
necessary for this formation are not understood at this time. The Cain" texture is 
suggestive of multicrystalline Interiors. texture is 
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Figure 6 - Sample W7017F1. Type: Aluminum Oxide Sphere (AOS) 

Tne AOS classification Is based on the spherical shape and elemental composition of the 
particle. Smooth spheres represent the most common morphology among the AOS's, 
comprising some 29 percent of the collection analyzed to date, An additional 26 percent 
of the AOS's have a slight surface roughness. This particle is unique In the collection 
examined to date and provides an Indication of the lower end of the AOS size range. The 
protuberance Is formed by a sphere about 1.5 micrometers In diameter that stuck on the 
side of the larger sphere. Both particles were sufficiently plastic to fuse together 
but rigid enough to mostly retain their spherical shapes. 
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Figure 9 - Sample W/029E3. Type: Aluminum Oxide Sphere (AOS) 

Identification Is based on morphology and the dominant aluminum n <>ab cue 

spectrum. The most common AOS shape Is the sphere but 5 nercent nf fh^fanc^ n he »? 0S 
Is composed of prolate ellipsoids. Mhen thls shaoe ^ 

attendant surface morphology Is the coarse "brain" texture shown In Figure 7. COmm ° n 
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Figure 10 - Sample W7029G12. Type: Aluminum Oxide Sphere (AOS) 

Classification Is based on morphology and the dominant aluminum peak i In the (EOS 
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a sphere that was chipped and then partially remelted. 
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Figure 11 • Sample W7029J1S. Type: Aluminum Oxide Sphere (AOS) 

The classification is based on the generally spherical shape and dominant aluminum peak 
in the EDS analysis. This particle morphology Is rare In the collection. Only 3 
percent of the AOS samples have somewhat angular facets on the surface as shown here. 
The sample probably represents a more complete development of the bunched growth lines 
postulated to explain the "target” patterns shown In Figure 5. 
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Figure 13 - Sample W7017B9. Type: Terrestrial Contamination Artificial (TCA) 

The TCA classification is based on the non-cosmic (and unlikely mineralogical ) 
elemental composition of the particle. The copper peak is probably stray x-radiation 
from the Instrument, the gold peak Is from the Au-Pd coating that was sputtered onto the 
SEM mount to prevent charging. The particle has a rough, somewhat porous surface made 
up of smaller rounded particles. The dark color and dull luster could be used to argue 
for its identification as a corrosion or rust fragment. 


205 






’\v 




I. ■ ; ">Y ■’■■" ft*'*' <> M,r*®vV' • ■■ ' • .'••-* *.**>.* wltfl 

*•; - •.*;;• 

\ .: . V i, ■ . . '■ ’.;/■ .., ,• . *. (.» , ■' * .., •«•' «- ■' * * . r \ 


S-8 1-39952 


TYPE 

AOS 


COMMENTS 
AT Grain 


NflSflJSC 
COSMIC OUST PftOtfm 
FLffi V7017B 


ENBKY (KEVi 


Figure 14 - Sample W7017B11. Type: TCA/AOS/A1 7? 

The classification as TCA/AOS Is suggested by the elemental composition but the 
combined morpho logy/composition does not fit either class well. Some particles rich In 
aluminum have minor amounts of other elements present (e.g.* Mg* SI* S* Ca* Ti, Fe, Ni 
and Cu). Such particles have been called Al-prlme (AT) particles by some Investi- 
gators to differentiate them from aluminum oxide spheres. Controversy still exists as 
to the cosmic or contamination origin of these particles. The height of the copper peak 
cannot be totally attributed to stray x-radiation so that some copper Is probably 
indigenous to the particle. The rough grainy surface does not appear to be porous. 
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Figure 16 - Sample W7017D8. Type: Terrestrial Contamination Artificial (TCA) 

The TCA classification Is based on particle morphology and composition. The rough 
surface, Irregular shape, and opacity prohibit an AOS classification even though the 
'.omposltlon Is correct. The black color and submetalllc to metallic luster of the 
particle would Indicate a fragment of aluminum metal, perhaps debris from an aircraft 
or a particle of unburned rocket solid-fuel additive. 
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Figure 16 - Sample W/017E12. Type: TCA/TCN/A17? 

The ambiglous classification is caused by the unusual composition and color. The high 
aluminum abundance and the spherical shape would argue for an AOS classification but 
the presence of Si, Ca, Cr, Mn, Fe and perhaps Cu make this category unacceptable. The 
combination of A1, SI, and Ca would suggest perhaps a TCN origin but the Cr, Mn, Fe, and 
T1 abundances more favorably match those of a metal alloy. Although the spherical shape 
is most easily explained by an ablation origin, the rough surface cou «d be used to argue 
for an abrasion origin. 
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Figure 17 - Sample W7017GS. Type: Terrestrial Contamination Artificial (TCA)? 

The spherical shape can be explained as an ablation product although the composition is 
best explained as an altered or oxidized stainless steel. The surface of the sphere is 
rough but the individual particles on the surface appear to be rounded. Although the 
surface is rough the particle does not appear to be porous. 
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figure 18 - Sample W7017G10. Type: Terrestrial Contamination Artificial (TCA)? 

The composition Is best explained as an alteration or ablation product of stainless 
steel mixed with aluminum. The particle morphology could be interpreted as a small 
sphere fused to a larger sphere. The surface Is rough and pitted but porosity does not 
appear to extend to any significant depth. 
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Figure 19 • Sample W7029A15. Type : Terrestrial Contamination Artificial (TCA) 

The composition of the particle is best understood as that of an aircraft component. 
The particle Is mainly copper with minor amounts of Zn, Si , and A1 . The black color and 
submetal 11c luster argues for a metal fragment and not an oxide. Additionally, the 
particle appears to be sheared or pulled but without evidence of melting. 
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Figure 20 - Sample W7029B7. Type: Terrestrial Contamination Artificial (TCA) ? 

The unusual composition Indicates a man-made origin although It might also be explained 
as rutile (TiO?), a rare accessory mineral In some meteorites. The spherical shape 
suggests an earlier molten state, perhaps formed by ablation. The shape combined with 
the titanium composition can be Interpreted as material eroded from a solid rocket fuel 
liner or as ablation material from a re-entering spacecraft. 
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Figure 21 - Sample W70Z9B8. Type: Terrestrial Contamination Artificial (TCA)T 

This classification Is chosen because of the high titanium content of the particle. The 
EDS composition is for the whole particle although spot analyses of different areas on 
the grain might isolate the sources of some of the minor peaks, (e.g., Al, 51, 5). 
However, the dark color and submetalllc luster indicates the presence of a metallic 
phase. 
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Figure 2Z - Sample W7029G13. Type: Terrestrial Contamination Artificial (TCA) 

f° mp ° 5 ’. t ' on , of U i e partic 'f suggests a man-made alloy. The spherical shape Is 

?hA» a ^ h b hM e t P a l nC L as »l n ab,at,ori product. The surface Is cracked and It appears 
that a bubble has broken through to the surface of the sphere in one area. 
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Figure 23 - Sample W7029H6 Type: Terrestrial Contamination Artificial (TCA) 


This classification Is chosen because of the composition, which Is similar to some 
stainless steels, and because of the lack of common meteorite minerals with this 
composition. The spherical shape Indicates an Initially molten phase. The black 
color, metallic luster and rough surface are consistent with an ablation origin. 
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Figure 24 - Sample W7029J3. Type: Terrestrial Contamination Artificial (TCA)? 

The TCA classification is selected because of the unusual copper-rich composition and 
large size of the particle. One could select some of the lower intensity peaks from the 
EDS spectrum and argue for a partial cosmic component; the presence of both a 
translucent and an opaque phase would support such a argument. However, the high copper 
content forces the TCA classification at the present level of characterization. 
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Figure 25 - Sample M7028A5. Type: Terrestrial Contamination Artificial (TCA)? 

the TCA classification was chosen because of the i unusual su’fur-rlch 
nartirle The full slqnificance of the particle cannot be evaluated until some 
additional work has been completed. This particle was broken from a large ' r . 
ooaquc and metallic particle that remains on the collection surface unanalyied at this 
?i2“ However, the origin of a metal particle with beads of sulrur on Its surface Is 
difficult to explain. 
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Figure 26 

Siie distribution of tentatively Identified man-made contaminant (TCA) particles 
(excluding aluminum oxide spheres) removed from cosmic dust collection flags W7017 and 
W7029. The flags were flown on separate UB-57F missions over Central and North America 
at an altitude of 60,000 feet. W7017 accumulated 45 hours exposure from July 7 to 
September 15, 1982 whereas W7C29 accumulated 35 hours from September 15 to December 2, 
1981. 
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Impacts on Explorer 46 from an Earth Orbiting Population 

by 

Donald J. Kessler 
NASA/Johnson Space Center 


Abstrac t 

Explorer 46 was launched Into Earth orbit In August 1972 to evaluate the 
effectiveness of using double-wall structures to protect against meteoroids. 
This paper reexamines the data from the Meteoroid Bumper Exper ment on 
Explorer 46 and concludes that most of the Impacts orglnated from an Earth 
orbiting population. The probable source of this orbiting population Is solid 
rocket motors fired In Earth orbit. 



Introduction 


It has long been known that meteoroid damage to spacecraft could be 
reduced by using a double-wall structure Instead of a single-wall. However, 
because of the difficulty of reproducing the high meteoroid velocities In the 
laboratory, the exact efficiency of the double-wall structure was not known. 
The Meteoroid Bumper Experiment, flown on Explorer 46, was designed to 
determine this efficiency by comparing the penetration rate on Its double-wall 
structure to the penetration rate on earlier, single-wall spacecraft sensors. 

This paper will reexamine the data obtained from the Meteoroid Bumper 
Experiment. It will show that the distribution of sensors which were 
penetrated Is totally consistent with an Earth orbiting population, whereas 
the probability of Interplanetary meteoroids causing this distribution is 
extrenely small. In addition, many of the Impacts occurred jusc after a solid 
rocket motor was fired In space, suggesting this may be the primary source of 
these Impacts. 

Description of Experiment 

An excellent description of the Meteoroid Bumper Experiment and the data 
it obtained is given by Humes (1981). The description is sufficiently 
detailed to allow an Independent evaluation of the data. For convenience, 
some of that description will be reproduced here. Explorer 46 was launched on 
August 13, 1972 Into an orbit of 490 km by 815 km with an Inclination of 38°. 
Figure 1 shows the satellite as it was deployed In orbit. The bumper 
experiment consisted of 96 pressurized cells. Once a cell was penetrated, the 
pressure loss was recorded and it was no longer sensitive to penetration. 
Each cell had a wall thickness of 50 pm, and was "protected" by a 25 gm thick 
bumper, as shown In figure 2. Figure 3 shows the rate that these cells were 
penetrated after l»jnch. Humes compares the resulting average flux in figure 
4 with the rate obtained by previous single wall satellite experiments. He 
concludes that the meteoroid bumper provides as much protection as a single- 
wall structure which is 6.9 times thicker than the total thickness of the 
double-wal 1 . 

Description of a So. Id Rocket Motor Exhaust Product 

Solid rocket motors have been studied by NASA for the purpose of 
improving engine performance, determining the effects on the stratosphere, and 
detemlnlng the safe Ignition distance from the Space Shuttle. However, no 
detailed analysis has ever been performed on the effects of these rockets on 
near-Earth orbital space. It Is known that 34% of the rocket's exhaust 
products are Al 2 0 3 particulates. Most of these particulates are between 0.1 
and 10 gm in diameter. However, particles larger than 100 gm have been 
observed from some rockets. It is likely that particles of this size and 
larger only originate from older, cooler burning engines, where A1 2 0 j slag has 
been observed to condense on the rocket motor nozzel . Late in the burn this 
slag could chip off, producing the larger particles. 

Solid rocket motors fired In space and used in the early 1970's consisted 
of the Delta 3rd stage and the Scout 4th stage. The Delta 3rd stage produces 
350 kgm of A1 2 0 3 , and the Scout 4th stage produces 93 kgm. Sometimes smaller 
solid rocket motors were attached to payloads and used to place that payload 


In Us final orbit. Larger solid rocket motors are now being released by the 
Space Shuttle and used to place Shuttle payloads Into higher orbits, 

A first- approximation would lead one to conclude that most, If not all, 
of the A1 jO 3 would have non-orbital trajectories since It Is ejected from the 
rocket In the opposite direction as the rocket moves. However, there are 

frequently conditions where much, If not most, of the AlgOa would remain In 

orbit. This is especially true for the larger particulates, which are ejected 
at lower velocities and are less effected by atmospheric drag, conditions 
which would leave a larger percentage of particulates In orbit are: (1) the 
rocket is required to dissipate energy by an out-of -plane burn. Since solid 
rocket motors cannot be shut down until the fuel Is exhausted, such a burn Is 
frequently required In order to place the payload In the correct orbit. (2) 

The rocket Is required to perform a plane change. (3) The rocket falls. The 

most common failure causes the roeket to tumble. (4) The payload Is placed In 
a high orbit. Toward the end of such a burn, the ejected particles will 
go Into Eartn orbit. 

Possible Interaction of Solid Rocket Motor Particulates to Explorer 46 Data 

The Meteoroid Bumper Experiment was calibrated In thd laboratory by Humes 
(1981) at velocities between 2 km/sec and 7 km/sec. Between velocities 4 
km/sec and 7 km/sec, the projectile mass, whUn Just penetrated the structure 
was about 9 x 10 “ 7 gm, or a 75 u m diameter AI2O3 particle. Kessler (1978) 
calculated an average collision velocity for orbiting objects of 10 km/sec. 
However, relative to a spacecraft with a 38° Inclination, the average velocity 
would be closer to 7 km/sec, so that the laboratory calibrations have a direct 
application to orbiting objects. 

Since little Is known about the number of particles of this size produced 
by the rockets used during this period, It Is Impossible to model with 
precision the effect of solid rockets on the experiment. The possibility that 
there may be an effect Is suggested by the following: (1) Only 5 kgm of AI2O3 
particles, 75 um In diameter and distributed between 490 and 815 km altitude 
Is required to account for the average surface area flux of 5 x 10” 9 /m 2 -sec 
measured by the experiment. (See Kessler, 1981 for caleulatlonal technique). 
This represents between 1% and 6 % of the A1 2 0^ produced by a single rocket 
firing. (2) During the 900-day data period, 20 solid rocket motors were fired 
in low Earth orbit. (3) The orbital lifetime of particles which pass through 
the altitude range of Explorer 46 is a function of various particle orbital 
parameters, solar activity conditions, and geomagnetic conditions. However, 
the lifetime of 75 um particles In circular orbit during average conditions 
range from about a week (at 490 km) to a year (at 815 km). 

There Is evidence to suggest that other experiments, designed to detect 
meteoroids, also sampled particulates from solid rocket motors. A meteoroid 
Impact experiment, deployed out of the anti -solar air lock and on the Apollo 
telescope mount on Skylab, was returned to Earth for examination (See Hallgren 
et al . , 1976). In addition, the Apollo windows from Skylab 4 were removed and 
examined for meteoroid Impacts. (See Clanton, et al, 1980). In both cases, 
the hypervelocity pits were examined under a scanning electron microscope, and 
discovered to contain a large amount of aluminum. While aluminum Is a common 
element, It has never been found to be the only detectable element In 
meteoroids as was observed In these pits. In addition, the pits on the 
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windows showed the unusual character of containing an "aluminum 'Joer".Such 
a liner has not be«n observed in meteoroid pits found on returned lunar rocks. 

^examination of Meteoroid Bumper EKperlme nt Data 

Thu first bint that the experiment may have measured somct h 1 rt g ^22 

meteoroids Is seen In figure 3. where several large Increases in flux can Be 
S£& irlull. «. ». and MO dm ./tor launch. T*1« I MUim « 
list of solid rocket meters fired during this period. Three of the nux 

Increases Immediately fellow solid rocket firings. However, If there Is a 
cause and effect relationship, then the average flux measured for some 
arbitrary time after each solid rocket motor flrlng should be higher ‘ than the 
average flux when there has been no solid rocket firing. To test this 
possibility, the number of penetrations occurring 20 days after *^1 Id rocket 
firing were counted and this flux was then compared to the f \ u “ 
from penetrations which occurred more than 20 days after a soj id rocket 
firing. The 20-day period was arbitrarily chosen to satisfy the following 

criteria: (1) The interval is long enough to allow f °. r n P ™ v P a ? C 6f some 
to give some chance of impact and atmospheric drag to begin removal Of some 
orbits. (2) The Interval Is short’enough that there are sufficient periods of 
remaining time of "no solid rocket firings". 

During the 900 days of Explorer 46 data taking, there were 33 jj jMjJ 
were within 20 days after a solid rocket motor firing In space. Ourln g these 
331 days, 24 penetrations were recorded, for an event rate of 0.07 3 /day. The 
95% confidence Interval event rate would lie between °;J 4 * { dayan d 
The remaining 569 days represent a period which Should be 1 es$ ®JJ ected by 
solid rocket motor firings. There were 27 penetrations du ^ 1n 9 * b1 i n3i/dav 
leading to an event rate of 0.047/day, with 95% confidence .^ 03l / d f^ 

and 0.069/day. Since the event rate just after solid rocket firings Is 
higher, and since the measured rate of one group is at, or Just 
the 95% confidence rate of the other group, one can conclude that there is a 
95% probability that the larger event rate was due to solid rocket motor 
firings. While this probability may not be Impressive, It Is highly 
suggestive of a solid rocket motor origin for these Impacts. 

If this Is true, then why are there n0 , la f 9 e f lux Increases after day 600 
Into the mission-especial ly when nearly half of the solid fpdcet motor ^*"9$ 

take place during this period? One possibility Is that Elates llto 
procedures or new rocket motor designs ejected fewer large particulates Into 

the altitude range of Explorer 46. While this may be a 
possibility, a closer examination of the data not only reveals another ^ cause, 

it also reveals a stronger argument that the Explorer 46 Jn f jur.i<«ri 
mostly Earth orbiting objects. The additional cause, as will be discussed 
below, is that nearly 70% of the penetration cells which were sensitive to an 
orbiting population were penetrated by day 600 of the mission. 


Direction of Impacts 

Explorer 46 was placed into orbit with no preferred orientation, nor with 
any sensors to determine its orientation* If the spacecraft were y 
tumbling, then any sensor on the spacecraft would have the same probability 


per unit area of penetration. The flux on any set of identical sensors should 
then be the same, regardless of the direction of the impacting particles. 


Another possibility is that any initial tumbling was sufficiently small 
that it was quickly damped out. The only stable orientation of the t 

would be with respect to the Earth, becoming gravity- gradient stabilized and not 
the more massive, central axis of the spacecraft pointing toward the center oi 
Earth. The velocity vector of any objects orbiting at this altitude must be 
in a plane which Is nearly parallel to the Earth's surface, or else they would 
run into the Earth. Therefore, Earth orbiting objects would most likely 
impact surfaces perpendicular to the Earth's surface, and not Impact surfaces 
parallel to the Earth's surface. Meteoroids, on the other hand, as part of 
the Interplanetary environment, Impact the surface of the Earth at all angles. 
Even a highly directional meteoroid stream, when averaged over the entire 
surface of the Earth, shows random Impact angles. Therefore, any sensor 
moving above the Earth's surface and keeping the same orientation with respect 
to the Earth, will also experience a near random directionality from 
meteoroids. The only direction from which meteoroids cannot originate Is from 
the Earth. The effect of this Earth shielding is to reduce the number of 

impacts by about 1/2 for both parallel and perpendicular surfaces to the 
Earth's surface. 


A look at the detailed data given by Hume reveals that certain sets of 
sensors experienced a much higher flux than others, making it highly unlikely 
that the spacecraft was randomly tumbling. In fact, of the 51 impacts, 4d of 
them were on surfaces most sensitive to orbiting objects on a gravity-gradient 
stabilized spacecraft. A reason that there is not as strong a time 
correlation with solid rocket motor firing after 600 days then becomes clear - 
the spacecraft sensor area for orbiting particles had been significantly 
reduced from 13.3 square meters at the beginning of the data taking to only 
4.7 square meters at the end. The corresponding area loss on the 1 sensors 
perpendicular to these sensors was from 5.9 sq. meters to 4.1 sq. meters. 

The significantly higher flux measured by the sensors perpendicular to 
the Earth's surface compared to those in parallel orientation is clearly shown 
in figure 5. To obtain figure 5, the flux was calculated from 3 consecutive 
impacts (i.e. 2 consecutive time intervals) on the two sets of sensors. Thus, 
the flux for penetration point "n" is F ft a 2/A (t n +i -tn-1 ) where An is 
the area exposed at time t n , and t n -l * t n +l Is the time Interval between 
penetration point n-1 and n+l. This flux was plotted as a function of time In 
figure 5. Notice that during the first 50 days of the mission, both sets of 
sensors measured a flux in excess of 1 x 10" Impacts/m -day. However, for 
the next 850 days, the flux levels are dramatically different. The flux on 
the perpendicular surfaces are always larger than the flux on the parallel 
surfaces, averaging about 5 xlO Impacts/m z -day, compared to 1x10 
impacts/m 2 day for the parallel surfaces. While the large increases in flux 
do appear to have some time correlation with the solid rocket firing also 
shown in figure 5, random variations can be expected to cause similar flux 
increases based on only 3 data points. Therefore, the differences in the 
average flux is much more significant than the large flux Increases. 

An additional directionality feature for the flux measured by Explorer 46 
was pointed out by Humes (1981) and is shown in figure 6. Humes noted that 
"for long periods of time during the experiment, ...penetrations occurred 


a 1 must exclusively In either the fully deployed wings or the partially 
deployed wings. ... However, attempts to discover the orbit distribution of 
-ho meteoroids that would have produced the observed results have been 
unsuccessful. If Explorer 46 were gravity-gradient stabilized aod not 
spinning or spinning very slowly, around the axis pointing toward the Earth, 
orbiting population flux could will be directional around this axis. 
This directionality Is mostly a function of the Impacting particles' orbital 
inclination and the-polnt of Intersection of Its orbit with Explorer 46. Most 
oi the expected impact directions would be nearly perpendicular to the 
SIKtt 0 - 46 velocity vector. Thus, regardless of whether the detected 
particles were from a single rocket firing a few days earlier (l.e. acting 
like a meteor stream), or were from several firings months earlier (l.e., part 
of an Earth orbiting background flux), the resulting flux would also be highly 
directional around the axis pointed toward Earth as Humes observed. 

Probabilit y that Measurements Resulted from Random Variation 

It Is useful to explore the possibility that Explorer 46 detected only a 
natural meteoroid environment, and that all of the observed variations from 
the average meteoroid flux" were the result of random variations from that 
average. If so, then one can ask what Is the probability that the observed 
variation would randomly occur. Or, to state It another way, given some 
average meteoroid flux, how many Explorer 46 satellites would one have to fly 
before one of them would show both a time correlatlen and a directionality at 
least as great as that measured by Explorer 46. Although an accurate answer 
is very difficult, a few conservative assumptions leads to the conclusion that 
tms probability Is very low, and that the observed variations are not the 
result of random variations. 

To compute this probability, let P| be the probability that meteoroid 
random flux Increases would occur Just after solid rocket motor firings, P 2 be 
the probability that the sensors believed to be perpendicular to the Earth 1 s 
surface would be penetrated more often than the sensors parallel to the 
Earths surface, and P 3 be the probability that penetrations would occur 

almost exclusively In either the fully deployed or partially deployed wings 

occurring p 0C = S P** P p me * T,1ert the P ro ^^^y of all three of these events 

« . accurate calculation of P* would Include a determination of which 
rocket firings were most likely to cause a flux Increase, and take into 
account the very large flux observed after some firings. However, one can 
conservatively assume that all are equally likely, and compare the flux just 
after a fifing to the flux when there were no firings, as was done earlier In 
this paper. The result of this analysis Is that Pj ° 0.05. 

p 2 is essentially the probability of measuring 43 or more penetrations on 
the perpendicular surfaces, and 8 or less penetrations on the parallel 
surfaces. Assuming a polsson distribution gives this probability, If the 
average flux is known. Since the average flux Is unknown, the conservative 
assumption Is made that this flux is such to give the maximum probability for 

* sm * n computer program was written to calculate P ? under various 

aZ average f1u ?’ lt was found that a flux rate Of 3.8 
penetrat 1 ons/m 2 -900 days gave a maximum P ? « 3.2 x 10* 4 . Any other average 
flux gives even smaller values of 8 
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The value of P, Is difficult to calculate correctly. However, by making 
conservative assumptions, a maximum value can be obtained. A look at figure 6 
shows that there are 5 periods of time when either the partially deployed or 
fully deployed wings were impacted at least 6 consecutive times. A Monte” 
Carlo model was constructed to look for similar patterns In a data set of SI 
Impacts. Out of 104 runs, none came close to having this pattern. However, 
It was concluded that there Is a 0.03 probability of having 3 periods of 

at least 6 consecutive Impacts or a 0.15 probability of having 2 periods of 
at least 6 consecutive Impacts. Thus, the probability of 5 periods must be 
below 0.0045. The value of P 3 would be far below 0.0045 If It were required 
that the periods of consecutive Impacts be periodic and alternate between the 
partially deployed and fully deployed wings as they do In figure 6. However, 
to be conservative, I will adopt P 3 ° 4.5 x 10’* . 

o 

The value of P is the product of ?! P 2 and P 2 * or then 7 x 10“ ; that Is 
one would have to fly at least 14 x 10 6 Explorer 46 spacecraft before random 
variations of meteoroid Impacts would produce the time and directional 
distributions that one would expect to see on an average spacecraft which was 
sensitive to particulates from solid rocket motors fired in space. 

Implications to Explorer 46 Objective: Effectiveness of using Double-Wall 
Structures against Meteoroids 

If only a few of the penetrations measured by Explorer 46 were due to 
meteoroids, then Its double-wall structure must have been much more effective 
In protecting against meteoroids than Humes concluded. Figure 4 illustrates 
the technique used by Humes to obtain the "effective thickness" of his 
experiment. However, from the analysis presented here, the actual meteoroid 
flux is most accurately represented by the 4 impacts on the surfaces parallel 
to the Earth's surface between 50 and 900 days after launch. This measured 
flux Is about 1.2 x 10“ 8 /m 2 -sec. Consequently, the effective single sheet 
thickness Is about doubled from Hume's analysis, or about 13 times the 
combined thickness of the double-walled structure. These results clearly only 
apply to the high meteoroid velocities. At the lower velocities of Earth 
orbiting objects (approx. 7 km/sec) laboratory tests have shown double-walls 
to be much less effective. 


Comparison of Explorer 46 Debris Data with Proposed Design Criteria 

It Is instructive to compare this measured debris flux with debris 
predictions. The number of Impacts on the perpendicular surfaces is 43. The 
surface average area on these surfaces was 9 met 2 , and exposure was 900 days, 
leading to an average surface area flux of 1.9 impacts per m 2 -yr. If these 
surface areas were oriented in directions most sensitive to orbiting debris, 
their cross-sectional and surface areas are about the same. However, as is 
concluded from figure 6, about 1/2 of the time a particular set of sensors is 
not oriented in the most sensitive direction. Consequently, the average flux 
on a cross- sectional area is about double this, or 3.8 impacts per 
cross-section m 2 -yr. This compares to the predicted flux of 0.0075 cm debris 
particles in 1995 of only 0.1 per cross-sectiona 1 m 2 -yr at 800 km, as 
presented In the earlier paper "Proposed Design riteria". Obviously 
unmodelled sources can be very important. 


* - 
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TABLE I 


SOLID ROCKET MOTORS FIRED IN SPACE DURING THE EXPLORER 46 MISSION 


Time from International Rocket Final Orbit of Rocket 


Launch 

Designation 


perigee# km 

apogee, km 

Ind. deg* 

0 

1972-61B 

Scout* 

490 

815 

38 

20 

1972-698 

Scout 

738 

843 

90.1 

41 

1972-73C 

Delta 

246 

247125 

28.8 

94 

1972-918 

Scout 

430 

594 

1.9 

101 

1972-926 

Scout 

244 

1168 

91.1 

12S 

1972-1008 

Scout 

224 

859 

96.9 

251 

1973-23C 

Oelta 

215 

36508 

29.5 

302 

1973-398 

Oelta 

182 

390244 

29.1 

439 

1973-780 

Delta 

197 

22B809 

28.8 

555 

1974-98 

Scout 

233 

889 

2.9 

574 

1974-138 

Scout 

713 

917 

97.8 

609 

1974-22C 

Oelta 

202 

36143 

24.7 

638 

1974* 

Oelta 

182 

32950 

24.5 

660 

1974-408 

Scout 

337 

794 

09.7 

703 

1974-SSB 

Scout 

220 

872 

97.4 

748 

1974-70B 

Scout 

259 

1171 

98.0 

789 

1974-75C 

Oelta 

227 

36313 

24.8 

794 

1974-778 

Scout 

504 

550 

2.9 

833 

1974-94E 

Oelta 

176 

36854 

24.5 

859 

1974-101G 

Oelta 

409 

38204 

12.8 


* Used to pot Explorer 46 Into orbit. 
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Figure 6 - Time history of cell penetration on Explorer 46 
meteoroid bumper experiment showing tendency for pene- 
trations to occur in either partially deployed wings or 
fully deployed wings for extended periods. 
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In-situ detectors for micron-sized dust particles based on the 
- measurement of impact ionization have been flown on several space 

=t* missions (Pioneer 8/9, HEOS-2 and Helios 1/2) . Previous measure- 

ments of small dust particles in Near-Earth space are reviewed. An 
f instrument is proposed for the measurement of micron-sized meteor- 

i* oids and space debris such as solid rocket exhaust particles from 

V - on board an Earth orbiting satellite. The instrument will measure 

/•’ the mass, speed, flight direction and electrical charge of indi- 

vidually impacting debris and meteoritic particles. It is a multi- 
coincidence detector of 1000 cm* sensitive area and measures par- 
tide masses in the range from 10” g to 10 g at an impact speed 

V of 10 km/s. The instrument is lightweight (5 kg), consumes little 
power (4 watts) , and requires a data sampling rate of about 100 bits 

=i7 

per second. 





I. introduction 


In the 19604 space experiments were performed to study the partic- 
ulate environment of the Elarth and to explore space hazard due to 
meteoroids. Penetration detectors like pressurized cells and ca- 
pacitor-typo detectors determined reliably the near-Earth flux of 

-9 

micrometeoroids with masses m > 10 g (cf. Nauman 1966) . Early 
measurements of micron-sized particles with simple microphone de- 
tectors were not reliable because of a high noise background. Only 
recently more sophisticated instruments produced reliable measure- 
ments on the small particle population in the Earth's neighbour- 
hood. Most successful were detectors which used the effect of impact 
ionization to observe micron-sized particles. In the next section 
we will review previous measurements of small dust particles in 
near-Earth space and in the final section we describe a system which 
could be used to measure micron-sized meteoroids and space debris 
from on board an Earth orbiting satellite. 


II. Near-Earth dust measurements 

The most extensive measurements of the near-Earth dust environ- 
ment have been done by the dust experiment on board the HEOS 2 sa- 
tellite. The experiment was a dual coincidence impact plasma sensor 
of about 100 cm* sensitive area (for detailed description of the 
experiment see Dietzel et al. 1973 and Hoffmann et al. 1975). The 
experiment was active during the period between February 7, 1972 
and August 2# 1974. The satellite had a highl;; eccentric orbit with 
a perigee between 350 and 3 000 km altitude and an apogee of about 
244 000 km. The instrument was mounted in the spin axis of the 
satellite and could be pointed to four principal directions: ecliptic 
north (EN) , Earth's apex (A)* ecliptic south (ES) and Earth's anti- 


apex (AA) . During its lifc-timo the dust experiment recorded lm- 
pacts of 431 particles and determined their maos and speed* Two main 
effects relevant to this paper have been found: 1. The count rate 
was strongly enhanced close to the Earth (i.e. inside about 60 000 km 
altitude) and 2, the impact rate showed peaks which were up to 4 
orders of magnitude higher than average. 

The time-averaged fluxes observed by the HEOS-2 dust experiment both 
in interplanetary space (i.e. altitude > 60 000 km) and in the 
"perigee region" (altitude < 60 000 km) are shown in Table 1. It can 
be seen that the fluxes in the perigee region are a factor 10 to 00 
higher than in interplanetary space (for a more complete description 
of the results see Pechtig et al., 1979), 


Table 1: Average cumulative fluxes measured by the HBOS-2 dust 
experiment 


threshold mass 


<g> 


10 

10 


-14 

-13 


10 

10 


-12 


-11 


10 


-10 


interplanetary space 
(altitude > 60 000 km) 
(m” 2 s“ 1 ) 

1.8 x lo“ 4 
5.4 X 10" 5 

3.0 x 10~ 3 

1.1 x 10~ 5 

6.8 x 10" 6 


perigee region 
(altitude < 60 000 km) 
(m“ 2 s" 1 ) 


3.1 x 10“ 3 
2.5 x 10“ 3 
2.3 x 10“ 3 

4.1 X 10“ 4 

6.1 X 10“ 5 
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Moat of the flux In the perigee region la constituted out of bursts 
of particles which correspond to fluxes significantly higher than the 
average flux, in interplanetary space , only the flux of the smallest 
particles do” 14 g) is made half part out of burst related particles. 
Tab. 2 shows the measured parameters of the recorded bursts. The 
duration of these bursts lasts from a few minutes to several hours 
during which the fluxes are several orders of magnitude higher than 
the time-averagod fluxes. Most of the high flux bursts have been 
observed in the perigee region below an altitude of 60 000 km. 

Fechtig et al. (1979) interpret these data as due to the following 
effects. Gravitational enhancement can account only for a factor of 
2 higher flux of interplanetary meteoroids in the perigee region. 
Therefore an extra source for the observed particles is required 
there. Also the observed bursts of’ particle impacts cannot be explained 
by a random occurence of meteoroid impacts but a local source is re- 
quired. During the time intervals of several low-flux bursts occuring 
in interplanetary space, the Moon was in the field-of-view of the 
sensor (cf . Tab. 2) . Therefore, at least, during these times direct 
trajectories from the Moon to the sensor are possible. Fechtig et 
al. (1979) suggest that these bursts and some other recorded in the 
perigee region are caused by ejecta particles which originate from 
impacts on the Moon. 

The high-flux bursts observed in the perigee region are interpreted 
by the same authors as being due to fragmentation of larger meteor- 
oids (10 to 10 6 g mass) in the Earth's magnetosphere. The fragmen- 
tation process proposed is that of electrostatic disruption of meteor- 
oids of low structural strength in the dense high energy plasma re- 
gions of the magnetosphere. However, an additional source like solid 
rocket motor exhaust plumes is not excluded by their analysis. 


Tab, 2 < Particle bums rebprded by r,hp HfiQfl'’? dbst bKperinmnfc 


lat© 

duration 

Mfit 

average 
partible flux 

(m *8 ’1 

fcyplbal 
partible rasas 

W 

ryplnal 
impabfc speed 

4Hm/9> 

moan 

aimed* 

(h io 1 fcmi 

sensor 

viewing 

dlremon* 

Mar, 4 197? 

140 

1,0 X 10° a 


0 

224 

A "ft 

Apr, 7 

20 

7,6 m 10° 1 

tfl ”' 2 

0 

63 

A 

Apr, lu 

49* 

7, l x 10° a 

io °' 2 

It 

239 

A 

Jun, 16 

744 

7,0 x 10" 3 

to 0 ' 4 

u 

22? 

no 

Jul. 5 

101 

3,9 k 10" 2 

to”'* 

10 

13 

£0 

Jul. 12 

161 

2 • 1 x 10° 8 

to ”' 4 

0 

309 

60 °M 

Aug. 6 

264 

1.4 N 10° a 

ie"' 4 

0 

166 

A 

Sep. U 

4) 

2.1 

I0“' 4 

0 

236 

AA *M 

Sop. 14 

60 

0.7 x 10" 2 

to "' 4 

0 

216 

AA -M 

Nov. 27 

13 

4.0 

to -’ 2 

12 

ao 

GO 

Mar* 21 197) 

90 

1.3 

io"’ 2 

0 

42 

A 

Mar. 26 

29 

3.6 x ID -1 

to " 14 

6 

62 

A 

Apr. 24 

77 

6.0 X 10“ 2 

ie-' 4 

0 

236 

A -M 

Apr. 27 

)4 

2.6 x 10 -t 

to' 14 

0 

2$ 

A 

May 2 ) 

11 

3.0 

io"” 

7 

32 

A 

Jun. 12 

24 

1.) 

IO*’ 2 

0 

42 

A 

Jun. 24 

96 

6.0 x 10" 1 

IO*' 4 

0 

203 

A -M 

• A t Earth' 

s apex 

ESt ecliptic south 

Mt moon in 

oonsor field of view 


AAt Earth'o antl&pox ENi ecliptic north 


T4b. 2t (cont.l 


date 

duration 

(min) 

average 
particle flux 

tnTV 1 ) 

typical 
particle mass 

iq) 

typical 
impact speed 

Ihm/al 

mean 

altitude 

tx i0 } Km! 

sensor 

viewing 

direction* 

;jn. 28 197) 

6 

5.6 X to’ 1 

to- 12 

6 

34 

A 

Jul. 9 

D9 

i.» x to"* 

to-' 2 

10 

20) 

A 

Jul. 29 

6 

1.7 

10-” 

0 

41 

A 

jet. 20 

20 

«.« x ,0*’ 

!0-' 2 

7 

27 

BN 

Nov. 10 

4 

8.7 x 10*' 

IO*' 2 

7 

29 

BN 

Nov. 19 

11 

I.) 

to"' 2 

0 • 

26 

BN 

Ian. 17 1974 

100 

1.8 x to" 2 

10*' 4 

8 

04 

EN 

rob. 26 

26 

1.1 x IO*' 

10'' 4 

0 

100 

BN 

Mar. 27 

332 

1.8 x IO* 2 

to-' 4 

0 

229 

EN 

Mar* 30 

26 

9.4 x 10“’ 

!0-’ J 

8 

30 

BN 

Apr. 10 

19 

1.1 x tO* 1 

to"’ 2 

B 

27 

BN 

Apr. 23 

19 

1.1 x ,0*’ 

10*’* 

B 

22 

BN 

May 6 

1) 

1.7 x 10*’ 

10-" 

7 

34 

BN 

May 1 1 

11 

1.1 x tO’ 1 

to-’ 2 

0 

21 

BN 

May 16 

2 

1.7 

to-’ 2 

11 

20 

BN 

May 16 

2 

1.7 

to"' 2 

8 

97 

A 

tul. M 

26 

1.1 X 10*’ 

to-’ 2 

1) 

187 

A *M 

• A t Earth' 

a apex 

ESt ecliptic acuth 

Mt moon in 

sensor field of view 


AAt Earth's antiapex ENt ecliptic north 
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Another observation of a variable dust flux In the Earth's neigh- 
bourhood has been reported by Singer and Stanley (1900). They re- 
fer to the MTS (Meteoroid Technology Satellite) - Explorer 46 which 
carried among other experiments solid state capacitor detectors for 
dust particles. The capacitor detectors had thicknesses of the di- 
electric of 0.4 am and 1 urn which corresponds to a threshold sen- 
sitivity at IS km/@ of 10 ^ g and 10 ^ g, respectively. The satel- 
lite orbited the Earth at an altitude of 660 km. The tlmoo of en- 
hanced fluxes during the nearly 6 months of detector operation 
(August 1974 through January 197S) ar© indicated in Table 3. Singer 
and Stanley (1980) interpret these enhanced fluxes as due to meteor 


stream particles although, again, a contribution of man-made debris 
particles to the observed fluxes is not excluded. This Latter pos- 
sibility is supported by Alvarez (1976) who reported that the flux 
of 10 g particles was much greater at the beginning of the mis- 
sion and he suggests the spacecraft itself as a source of orbital 
debris in rapidly decaying orbits. 


Tab. 3: Enhanced impact fluxes observed by the MTS -Explorer 46 solid 

state capacitor detector over 6 days centered on the indi- 
cated date (only fluxes in excess of the background flux 
are shown) . 


i 

,/■ * 


Ki 

-••-I 

•• 

.. '( 

x'A 


Sensor dielectric thickness 0.4 am 1.0 am 


date 


flux 

1 

CO 

CM 

I 

B 




Oct. 21, 

1974 

7.8 

X 

10-“ 




Nov . 4 , 

1974 

2.7 

X 

i 

o 

5.7 

X 

10' 4 

Nov. 17, 

1974 

1.0 

X 

io “ 3 

7.1 

X 

10' 4 

Dec. 14, 

1974 


- 


5.6 

X 

10- 4 

Dec. 22, 

1974 

1.0 

X 

10" 3 

2.2 

X 

10-" 

background 

4.6 

X 

10 -4 

2.0 

X 

io " 4 
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HI, Detection system for micron-sized particles 

The roost versatile and reliable detectors for micron-and sub- 
micron particles are impact plasma detectors. They have been used 
on a number of space missions like Pioneer 8 and 9 (Berg and 
Richardson, 1969? GrUn et al., 1973), HfiQS-2 (Dietzel et al.? Hoff- 
mann et al., 1975) and Helios (Dietzel ©t al? 1973? GrUn ©t al., 

1980) and are in preparation for the Galileo, ISPM and Giotto mis- 
sions. 

It is proposed to use a detector similar to those which are in pre- 
paration for the Galileo mission and ISPM for the measurement of 
small meteoroids and space debris from on board an Earth orbiting 
satellite. In the following such an instrument is described. 

The experiment will detect individual particles impacting on the 
sensor and will measure their mass, impact speed, electric charge and 
determine the impact direction. The instrument consists of an impact 
plasma sensor and the appropriate electronics. The modifications to 
the previous HEOS-2 experiment are: 1. increase of the sensitive 
area from io”^ m 2 to 10 ^ m 2 ? 2. introduction of a measurement 
channel for the electrical charge of dust particles and 3. installa- 
tion of an electron multiplier in order to obtain an additional inde- 
pendent signal of dust particle impacts, in Fig. 1 the basic sensor 
is shown. Positively or negatively charged particles entering the 
sensor are first detected by the charge which they induce when fly- 
ing through the entrance grid. The grids adjacent to the charge 
pick-up grid are kept at the same potential in order to minimize 
the susceptibility of the charge measurement to mechanical noise. 

This charge signal will only be evaluated if there is a subsequent 
impact recorded by the impact plasma detector. Dust particles - 
charged or uncharged - are detected by the plasma produced during 








n ~- 



the impact on the hemispherical impact sensor. After separation by 
an electric field, the ions and electrons of the plasma are accu- 
mulated by charge sensitive amplifiers, thus delivering two coin- 
ciding pulses of opposite polarity. The heights and rise-times of 
these two pulses depend on the mass and speed of the impacting 
particle. The rise-time, which is independent of the particle mass, 
decreases with increasing particle speed. From both the pulse 
heights and rise-times, the mass (m) and impact speed (v) of the 
dust particle are derived, using empirical correlations between 
these four quantities. 

Preliminary calibration of such an instrument has been performed 

using the Heidelberg 2MV electrostatic dust accelerator. For this 

preliminary calibration iron particles have been used in the mass 
4 -.9 

range 10 g to 10 g and speed range 1 km/s to 50 km/s. The pos- 

0 9 

itive charge yield Qj/m * and the rise-time of the negative charge 
pulse t E versus the impact speed are shown in Fig. 2 and 3, respec- 
tively. The impact charge Q can be described by the empirical law 


where m is given in g, v in km/s and Q in Coulombs with the 

-5 

following constants for the positive charge Q_ : C = 1.0 x 10 , 

a = 0.9, 0 = 3.0 and for the negative charge Q E :C=5.0x10 , 

a = 0.94, 0 = 3.1. 

The preliminary mass sensitivity threshold of the impact charge 
measurement- is shown in Table 4 . 
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Pig. 2 i Positive impact charge normalized to m® ‘ ® versus 
impact speed v for iron projectiles. 



v (km/s) 

Pig. J i Rise-time tg of the negative charge pulse versus 
Impact speed. 
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Table 4: Mass sensitivity of the impact plasma dust experiment 


Speed (km/s) 2 5 -13 10 -14 

Threshold (g) 1.0 x 10 ^ 4.7x10 4.7x10 


Speed (km/s) 20 40 

Threshold (g) 4.6 X 10 ^ 4.6 x 10 


The measurement range for particle masses is 6 decades above the 
threshold values. 

A further independent signal of a particle impact originates from 
part of the positive impact charge which is detected and amplified 
(approx, x 100) by an electron multiplier (channeltron) . This signal 
serves as a control for the identification of dust impacts. Because 
this multiplier has a low dark current at the required amplification 
even during peak radiation fluxes in the Earth's radiation belts* 
its threshold will correspond to less than 10 C impact charge. The 
output signal will be measured within a dynamic range of a factor 
of 10 4 . By measuring the output signal of the channeltron and de- 
riving coincidence signals between both charge signals and the chan- 
neltron signal one has an unambiguous method to distinguish noise 
from impact events. Gain loss of the channeltron will be counter- 
acted by commanded changes of the channeltron voltage. The ampli- 
tude of the positive and negative charge pulses, the channeltron 
signal* and the corresponding rise-times are redundant measures of 
the mass and impact speed of the dust particle. This redundancy gives 
a further check on the identification of an impact event and in- 
creases the accuracy of the measurement considerably . 



The experiment parameters and performance criteria are 


weight: 5 kg 

power consumption: 4 Watts 

volume: Sensor: cylindrical 442 mm dlam. , 301 mm 

Electronics box: 283 x 100 x 100 mm 

data rate: about 100 bits/s 

f ield-of-view: 140° cone 

thermal requirements: -10 *C to +40 °C operating 
impact rate: 10“ 6 s“ 1 to 10 2 s _1 

particle mass: 5 * lo’’ 6 9 < m < 5 x 10* 10 9 at 40 

5 x 10 g < m < 5 x 10 - ^ 9 at 5 

impact speed: 1 km/s < v < 50 km/s 

particle charge: 10 -14 c to 10~ 10 c negative 

10 C to 10 ^ c positive 
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length 


km/s 

km/s 
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HYPERVELOC I TV IMPACT INVESTIGATIONS AND METfOUOII) 

SHIELDING EXPERIENCE REtAll'D TO APOLLO AND SKYLAI) 

Burton ( 4 , Cou' -Palals 


1.0 INTRODU CTION 

It seems that man must Inevitably rediscover the wheel. That 
technological progress tends to be a spiral; a lot of linear movement, but 
with periodic returns to some principle or Invention left on the shelf. This 
Is what Is happening today In the need for protecting a new generation of 
spacecraft against uncontrollable, unavoidable, very energetic Impacts. Some 
twenty years after the Apollo designers had to contend with the then unknown 
consequences of meteoroid Impact damage, there are similar concerns. A sense 
of complacency seemed to have pervaded those who planned new space operations, 
after Skylab survived so well for so long In the near Earth meteoroid 
environment. Now, however, the specter of man-made orbiting debris has been 
raised and a whole new ball game has begun. The observed debris population 
and the associated predictable unseen objects, pose an additional threat to 
future large area, long duration missions In near Earth space. Depending upon 
orbital characteristics, either meteoroids or debris can be the predominant 
shielding design driver or they can complement each other. The average 
dynamic Impact properties of me* joroids ( 0 8 0.5 g/cc; V = 20 km/sec) and 
orbital debris ( p 8 2.78 g/cc; V » 10 km/sec), are similar In their effect 
upon spacecraft components. 

This paper has been included in the Orbital Debris Workshop to shed some 
light on what is available to the spacecraft designer in the basic principles 
of hypervelocity impact protection. It is primarily focussed on what was done 
during the Apollo era because it was a forcing program. A considerable amount 
of time and money was spent in in-houSe and contracted research effort during 
the sixties and early seventies. Most of It Is relevant today, and it is 
hoped that the material presented in this paper, and the references cited will 
be helpful. It Is also recognized that similar work was and is being 
performed by DOD for their purposes, and may also be available to some of you. 
A bibliography of some of the relevant reports is Included for those who would 
like to pursue this subject in greater detail. 

This paper Is divided into two sections; generic hypervelocity impact 
related topics, and specific Apol lo/Skylab related investigations. Impacts at 
the low speed end of the spectrum are possible for orbital debris, but not for 
meteoroids, and should be considered. Although the Apollo program had to 
contend with low speed lunar ejecta, and hence did Some research in this area, 
it is not discussed in this paper. 


2.0 GENERIC HYPERVELOCITY IMPACT RELATED TOPICS 


The three classic cratering regions associated with impacts into thick 
targets are well illustrated in figure 1 from reference 1, and this particular 
combination of lead targets and tungsten-carbide projectiles was chosen to 
emphasize the damage effects. The ordinate In the figure represents the 
deepest penetration (p) in particle diameters (d) and the abscissa is a 
parameter involving the impact velocity (V), the sound speed (c) in the target 
material, and the mass densities of the projectile (p p ) and target (o t ) 
materials. By combining the data trends with cross-sections of the craters 
one has a graphic illustration of three distinctive cratering mechanisms and 
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physical relationships. It is also very obvious that any extrapolation across 
the boundaries in either direction could lead to serious errors. The .related 
phenomena Illustrated in figure 1 may be explained as At low 

velocities, the strength of the projectile material is A rea * ter ,A ha " 
dynamic pressure at Impact and the sphere penetrates the 1 target as an 
underformed projectile. The cavity is deep and narrow and the penetration 
depth Is proportional to the 4/3 power of the velocity. With Increasing 
velocity, the impact pressure eventually becomes sufficient to cause the 
projectile to break Into a number of large pieces. This Is the beginning of 
the transition region of Impact. As the velocity Increases, the fragmentation 
of the projectile becomes more pronounced and the total penetration decreases 
for a while before It rises again. The decrease for other combinations Is not 
always as pronounced as It is for the lead data. Eventually a velocity Is 
reached at which the dynamic Impact pressure Is greater than the target 
material strength. At this stage, a typical fluid Impact crater “ 1 $ 
which is characterized by a near hemispherical shape and a lipped ring If the 
target material is ductile. If the material Is brittle, the Up Is missing 
but is replaced by an annular fracture zone. The depth of penetration in tne 
transition region Is unpredictable, and no clear relationship with velocity 
can be established until the fluid impact boundary is crossed. Once in the 
fluid region, the penetration depth varies as the 2/3 power of velocity but 
tends to reach an equilibrium velocity index of 0.58 at about twice the target 
sound speed. This is discussed more fully later. 


The boundaries between the regions shown in figure 1 are only applicable 
to the specific combination of projectile and target materials given. Their 
location for other combinations, depends upon the projectile and target 
material physical and mechanical properties, as well as the impact v ®1°c1ty* 
This paper deals with the effects of impacts at hypervelocity, i.e. only those 
that fall within the fluid dynamic region of figure 1. 


The need to simulate the size and energy level of the meteoroids most 
likely to be encountered during the Apollo missions led to the capability of 
launching sub-millimeter particles at hypervelocities. It was soon discovered 
that the parameter p/d as a function of velocity was not constant over the 
projectile size range available. Figure 2 is a plot of this parameter as a 
function of velocity for aluminum into aluminum impacts, for spheres ranging 
from 50 urn to 1.37 cm diameter. If it were not for the 50 urn particles, one 
could have said that the variation was within experimental limits. However, 
figure 3 shows what happens if a moderate diameter dependence is Incorporated 
into the expression for the p/d to velocity relationship. The 50 urn diameter 
result has been brought into line with the rest of the data, which in 
themselves, are a lot closer together. The size scaling factor of l/io was 
experimentally determined at the Johnson Space Center and the Ames Research 
Center almost simultaneously. It was later shown to be related to the rupture 
stress and mean deformation strength of the target material by Gault and 
Moore, reference 2. The exponent of d varies between 0,2 for very brittle 
materials (rock and glass) to nearly zero for a very ductile material such as 
the aluminum alloy 1100-0. A subsequent analytical study by Rosenblatt, 
reference 3, showed that this non-linear scaling phenomenon was accounted for 
by the inclusion of material strain rate effects, and incipient melting. In 
his numerical code description of the impact process. Diameter scaling 
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remains an important: discovery, because it permits the extrapolation of 
laboratory test results over a significant size range. 


The strength and ductility of the target material also influences the 
final dimension of the crater in a s§m1=1nfinite target. In figure 4, the 
penetration to diameter ratio with size scaling is plotted as a function of 
velocity for a very soft (1100-0; H = 27) and a hard (2024-T3; H ° 146) 
aluminum alloy, where H is the Brlnell hardness number. The data was obtained 
from two different laboratories and the empirical equation to the curves 
through the data Includes a material hardness term. The difference in the 
penetration depth to projectile diameter ratio for the two alloys Is quite 
pronounced and the reason Is well understood, (References 4,5). As mentioned 
previously, during the Initial phase of the Impact process, the shock pressure 
is high enough to cause the target material to behave as a fluid. Crater 
growth during this phase Is Identical for the hard and soft aluminum alloys* 
because their material strength properties are not in control. As the shock 
pressure decays, and the material properties dominate again, the crater 
dimensions are eventually "frozen" at different times for the two alloys. To 
illustrate this, the 1100-0 alloy has a yield strength of 6.4 million psl and 
ono/i strength of 13 million psl, whereas the comparable values for the 

c024-T3 alloy are 36 million psl and 48 million psl respectively. For a given 
initial impact shock pressure and similar decay characteristics, the 2024-T3 
S *°P 9 r0win 9 before the 1100-0 crater. According to reference 5, 
;V e rrrj'l 3 crater growth limitation begins at 21 usee after Impact, whereas 
the 1100-0 crater continues to grow for another 16 usee. The same reference 
also states that the final crater dimensions for the 1100-0 case can be as 
much as 15% less than the maximum achieved during the impact process. This 
rebound effect is probably more noticeable for the ductile metals, and is a 
transient event that can only be detected by x-radiography. 


Several empirical hypervelocity impact equations, describing crater 
formation in semi-infinite metallic targets* were derived during the Apollo 
program. They are applicable only when the target is thick enough to prevent 
spallation from the free surfaces surrounding the crater. Also, they are 

valid only up to a few kilometers per second beyond the limits of the 
hypervelocity test facilities. Extrapolation to meteoroid or orbital debris 
impact velocities, (2 to 3 times test speeds), depended on the results 
obtained from mathematical models of the impact process such as reference 6. 
There was an initial disagreement between the analysts as to whether the 
crater depth would be proportional to the cube-root of impact momentum or 
energy.. However, there was an eventual concensus that the velocity exponent 
approached a value of 0.58 above an impact speed of 30 km/sec. The 

£fi?f ] onS u! ,) test data and the principal analytical impact 

relationships is illustrated by Figure 5. Experimental results, even at the 
highest speeds attained in laboratory tests, (10 km/sec for 0.32 cm and 12 to 
15 km/sec for 50 pm glass projectiles), favored a velocity exponent of 2/3. 
it was decided that the penetration equations specified for Apollo would 

maintain the 2/3 dependence up to the 20 km/sec average meteoroid Impact 
velocity prescr bed, and that the exponent gradually decrease until it reached 
u.b« at 30 km/sec. The specific penetration equations for Impact Into 

metallic targets used by JSC and the contractor (Rockwell) for their Apollo 

meteoroid hazard assessments are given in Figure 6. As previously stated. 
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both retained the velocity exponent of 2/3, which gave a slight margin of 
safety when used with the average meteoroid impact velocity of 20 km/sec. 
Although the two equations differ somewhat in the target material factors 
considered, as well as the coefficient of proportionality, the resulting 
crater depth for a specific material Is within 10%, 

We have been dealing with crater formation In semi "Infinite metallic 
targets up to this point. If the target Is made progressively thinner, and 
the projectile and velocity are kept constant, a piece of the rear surface In 
line with the Imoact will eventually be thrown off as spall. The size and 
coheslveness of tne spallation depends upon the material properties as well as 
the strength of the shock when It reaches the free surface of the block. Upon 
further reduction In thickness, the crater and spallation eventually meet and 
the target Is perforated. The basic penetration equations, such as those 
given In Figure 6, define the depth of a crater In a metallic target that is 
much thicker than the spallation limit. As it is often necessary to assess 
the penetration resistance of thin targets, such as might form the outer shell 
of a space vehicle, finite thickness equations were derived. Most often, they 
are defined in terms of a multiple of the penetration depth equation, i.e., 
t a k.p where t is the finite sheet thickness required, k is the factor 
depending upon the failure criteria considered, and p is the depth of the 
crater in a semi-infinite target. In a series of tests conducted by GMDRL 
(reference 81, targets made from aluminum 2024-T3 alloy were impacted by 1/8 
inch diameter aluminum at a constant velocity of approximately 7.4 km/sec. As 
the targets were reduced in thickness, the value of the factor k was 
determined for several important failure modes as follows: 

(a) The onset of spallation, or semi-infinite limit; k = 3.0 

(b) Spall break away; k = 2.2 

(c) Perforation; k = 1.8 

Although these factors have been determined for a specific alloy, they were 
used interchangeably for any of the other structural aluminum alloys. The JSC 
and Rockwell preferred values for the finite thickness factor are given in 
Figure 6. Both are intended to prevent perforation, and to allow some measure 
of spallation, for weight saving reasons. 

Although there are many instances in which space structures can be adequately 
protected by a single thickness of material against hypervelocity impact, 
weight considerations usually mitigate against it. The principal of placing 
another sheet of material some distance ahead of the main structural shell of 
a spacecraft was first advocated by Dr. Fred Whipple, the well known 
astro-physicist. He foresaw that an outer sheet was required to fragment or 
vaporize the meteoroid or debris particle, which would allow the spacecraft 
wall to deal with the debris fairly easily. The resulting combination of a 
double wall would be lighter than a single one. When tested in a 

hypervelccity impact laboratory, the principle was verified and the "Whipple 
bumper" has become more or less standard procedure for space applications. 
Initially, the thickness of a double sheet combination was compared with the 
equivalent single thickness using a "ballistic limit" criterion. This usually 
meant that for the double sheet configuration there were no perforation holes 
in the second sheet which would allow any loss of pressure, and for the single 
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sheet, no spallation off the rear surface. Various double sheet combi oat Ions 
were tested, and empirical standard factors determined for use with single 
thickness equations. The calculated total shielding thickness would then be 
equally divided between the "bumper" and the structure wall, 1 ,e., 2 t, « K t, 

t * finite single thickness to prevont spallation 

t, n Individual elements of double sheet protection to prevent 
performatlon 

K a empirically derived factors 

Examples of some of these double sheet factors are as follows^ 

a) Double sheet; empty space in between; 

K ° O.i for 1 " spacing, 

K a 0.2 for 2 " spacing 

b) Double sheet; low density, porous foam In between 

K b 0,33 for 1" spacing, 

K ° 0.14 for 2" spacing 

c) Double sheet; honeycomb core In between: 

K ■ 0.67 for 2" spacing, 

K * 0.25 for 2" spacing. 


This technique for sizing the elements of a multi-element meteoroid shield on 
a gross basis was later replaced by a phenomenological approach, which dealt 
seperately with the elements Involved. As the "bumper" or outer wall of the 
protective structure is the key to the success of the succeeding elements, let 
us take a look at the Impact process that takes place. Figure 7 depicts the 
classical Interaction between a projectile and a "bumper" at two Instances 
after Initial contact, with the shock or compression waves (Si, S 2 ), and the 
release or tensile waves (Rj to R 4 ) moving through the projectile and target. 
As previously mentioned, when a metallic target subjected to hypervelocity 
Impact is made progressively thinner to the point at which complete 
penetration occurs, an expanding cloud of projectile and shield fragments is 
generated. This cloud can consist of solid, liquid or vaporized material or a 
combination of all three, depending upon the initial Impact pressure. The 
initial pressure for a 10 km/sec aluminum to aluminum Impact Is of the order 
of 1.4 megabars, which is about 20 million psl. A debris cloud resulting from 
a glass sphere Impacting an aluminum bumper at about 7 km/sec Is shown In 
Figure 8 . The upper photograph Is a side view of a disc-shaped grouping of 
projectile and bumper hole particulate material In flight, some time after 
penetration. The front view of this same debris cloud, taken through the 
transparent second sheet of the target, shows that there Is a distinct annular 
region without any material. This is the separation between the projectile 
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to the copper projectiles (m 0,9 g/cc) was excluded from Figure 18 because 
It was not relevant to the meteoroid case, ( p f 1.0 g/cc). However, the 
copper tests established the ballistic limit of the ablator and stainless 
steel combination. The equivalent meteoroid kinetic energy level required to 
penetrate It, a catastrophic failure, was beyond the possibility of encounter 
for either the Apollo or Skylab missions. 

The criterion for failure of the EVA suit was a leak rate In the 
pressurized bladder layer greater than the capability of the portable life 
support system. The lay up of the EVA suit was such that the bladder was 
nearest the astronaut's body, and the layer that functioned as the “bumper" 
was the woven beta cloth outer garmet pictured In Figure 1$. Hypervelocity 
Impact tests established the ballistic limit as the particle kinetic energy 
per unit cross-sectional area to just cause the prescribed leak rate in the 
bladder layer. 

Other Apollo spacecraft components required experimentally determined 
ballistic limits based on prescribed failure modes. These Included the fuel 
and oxydlzer tanks inside the Service Module shell, the dual-loop radiator 
system, the Service Module engine nozzle, Lunar Module windows and thermal- 
meteoroid shield, astronaut's visor, gloves, boots and the Portable Life 
Support System. Figure 19 shows the front face of a scaled titanium Service 
Module tank which was hypervelocity Impact tested while under Internal 
pressure. A bumper, simulating the effect of the Service Module shell was 
placed In front of the test tank. The Inside Surface of the tank wall, shown 
In Figure 20, has spalled, a condition which was not permissible for the real 
case. Tests such as this set the allowable Impact criteria for the 
pressurized Apollo tanks. In the case of the Service Module engine nozzle, 
the failure mode was a maximum hole size to prevent a burn through from the 
Inside. Hypervelocity Impact tests established an equation to predict the 
diameter of a hole as a function of projectile diameter, velocity and mass 
density for the specific nozzle material. 

The hazard analyses for the Apollo and Skylab missions consisted of 
calculating the critical damage probability for each structural component, 
based on the limiting meterold diameter for the specific failure mode 
considered. The Individual component probability numbers were combined Into 
an overall “mission success" figure. In the case of the Apollo lunar landing 
missions, there was the added risk of low speed Impacts from secondary ejecta. 
As mentioned ‘tar Her In this paper, and Illustrated In Figure 1, this Is a 
very different Impact region. Shielding designed by the hypervelocity Impact 
regime, relying as It does on projectile break-up by a thin outer shield, Is 
easily penetrated by a slow moving particle. This was especially true for 
lunar surface ejecta material of mass density between 2 and 3 g/cc. The Lunar 
Module and EVA components had to be hardened against low speed In addition to 
meeting the basic meterold Impact case. Empirical design curves were derived 
for the particular combinations of materials and exposure times Involved. 
These low speed curves will not be covered In this report. 

4.0 CONCLUSIONS 


Where are we with regards to the knowledge required to design long 
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duration, large area space structures that will be safe for manned operations 
in space? 

Most of the basic knowledge relating to hypervelocity Impacts and the 
equations necessary to perform hazard analyses of existing structures or 
design appropriate shielding Is In existence. What Is required Is knowing 
what Is available, confidence that IS to 20 year old Information Is still 
valid, and an effort to present It In a logical manner to the current 
generation of potential users. This paper marks the beginning of such an 
effort. However, It should be pointed out that there will be a need for more 
hypervelocity Impact research activity, but It will not be on the scale 
prevalent during the Apollo era. There are new combinations of materials and 
structural applications, different attitudes towards failure modes, and 
larger, longer duration space structures. These will need some additional 
Investigative effort no doubt. One such area, Involving a hypervelocity test 
program for the composite materials currently being considered for space 
applications, has been Initiated by the Johnson Space Center. By and large, 
the information generated during the design phase of the Apollo, provides a 
solid background for any foreseeable future requirements for hypervelocity 
Impact protection. It Is hoped that the bibliography will be of use to those 
who may need to pursue this subject In greater depth. 
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APOLLO PENETRATION EQUATIONS 

(SINGLE THICKNESS METALLIC TARGETS) 
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Outline of Presentation 


1* Introduction 

o Galileo Orblter and Mission 

o Mission Environment 

o Design Requirements 

o Risk Allocation 

o Criteria for Component Failure 

o Shield Design and Implementation 

o 20-Month Earth-Juplter Interplanetary Exposure 

o At Least 12-Month Inorbit Operation at Jupiter 
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the Mass-Fluence Distribution 
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O Provide Solid Particles Impact Protection for Interplanetary 
Transfer and at Least 5 Orbit Inorbit Operation 

o 0.95 Probability of No Solid Particle Produced System Failure 

Component Failure 

o Excludes Acceptable Degradation 

o Penetration of electronics 

- Particle and S'Jeld Debris Subdivide 

o Portions of Tankage and Wiring Dedicated to Protection 
o Penetration Based on Literature 
Shield Design 

o Double Surface Protection Unless Functionally Impossible 
o Component Protection Weight 

- Proportional to Contribution to System Risk 

- Proportionality Depends on Redundancy and Shape 

- Oepends on Preexistence 




o lav * of Protection 


Type 

Single Surface 


Level 

0.155" of 6061 T6 Aluminum 


Double Surface 
(Dedicated) 


Double Surface 
(Second Preexisting) 


T» ■ 0.037" of Aluminum at 
S = 2.3" from 

Tg ■ 0.033" of 6061 T6 Aluminum 

T. ■ 0.0061" of Aluminum at 
S « 2.3" from 

T 2 ■ 0.054" of 6061 T6 Aluminum 


These values are multiplied by 0.82 for linear elements. 
0.89 for components not mission critical after Jupiter 
orbit Insertion, and 0.60 for science Instruments due to 
redundancy. They can also be sealed for B not equal to 
zero# not equal one, and not equal one. H 
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SPACE DEBRIS PROTECTION FOR A 
REUSABLE ORBITAL TRANSFER VEHICLtjy 

Eldon E. Davis 
Ray Sperber 


85-21208 


ABSTRACT 

This paper presents the results of the space debris protection analysis 
performed under NASA Contract NASI -16088. The material presented Is 
taken directly from the final report — NASA CR 3536. 

In suhr^ry, protection against manmade debris and meteoroids was deter- 
mined for reusable ground and space based orbital transfer vehicles (OTV's). 
For the mission between LE0-GE0-LE0, both vehicles required a shielding 
thickness of 0.6aim (24 mils) equivalent aluminum when using a good douh'j 
wall design and providing a probability of no tank Impact of 0.995. The 
space based OTV would also require an additional 0.43l«n (18 mils) of shield- 
ing during its on-orbit storage time between flights. The latter require- 
ment, however, was satisfied by placing the OTV in a hangar at the low earth 
orbit space base thereby eliminating a flight performance penalty. 

3.3.6 Space Debris Protection 

A major consideration In the development of a reusable system is 
to ensure Its Structural Integrity Including protection against space debris 
in the form of meteoroids and manmade objects. This section presents 
pertinent background Information, the analysis leading to the required 
shield thickness, the design concept to be used, and the unresolved Issues. 

3. 3. 6.1 Background 

Considerable effort was expended In this area In the 1 960 * s and 
early 1970's. The major focus was on manned habitats associated with 
space stations and noncycllc pressure tanks. A review of these data 
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fer applicability to the operation of a reusable OTV for the post- 1 993 time frame 
Indicated the need for further Investigation. This conclusion was the result of a 
combination of the following factors relative to the 1973 MSFC tug studies. 


1. Larger vehicle area 

2. Longer exposure times 

3. Permanent space basing not considered 

4 Manmade debris not considered 

3. Different viewpoint regarding sensitivity of propellant tanks to space debris damage 

The larger vehicle area is the result of the FOTV systems containing approximately 
32t of propellant as compared with 23t for the tug. The longest mission time was greater 
(8 versus 3 days), as was the average duration (3 versus 3 days). An additional factor for 
the SB OTV was that it was to remain on orbit (permanent space basing) and thus 
considerably increase its total exposure time. Prior studies concerning space. debris 
protection only considered meteoroids. NORAD data now indicate a considerable number 
of manmade objects also exist In orbits that may impact an OTV. A different viewpoint is 
also suggested regarding the sensitivity of propellant tanks to meteoroid/debris damage. 
This viewpoint is summarized in table 3.3.6- 1. In summary, the tank wall thickness should 

Table 3.3.6 -J Propellant Tank Debris Protection Philosophy 

• NASA CXI TER t A FOR TANKS (NASA SP-804E. MAY 1970 ) : 

# ALLOWS PENETRATION UP TO ZStOP WALL THICKNESS ( INTENDED 
FOR TANKS HAVING A NON-CYCLE SERVICE LIFE REQUIREMENT) 


• CURRENT GOEING POSITION ON DAMAGE TO TANKS HAVING A CYCLIC 
SERVICE LIFE REQUIREMENT 

# CONSERVATIVE APPROACH OF ALLOWING NO DAMAGE ( MO FLAWS OTHER 
THAN THOSE KNOWN AT TIME OF ACCEPTANCE TESTING (t.E. PROOF 
TEST AND LEAK TEST)) 


• INSUFFICIENT OATA BASE FOR CORRELATING NON-PENETRAT I N6 
DEBRIS OAMAGE TO REMAINING SERVICE LIFE VIA FRACTURED 
MECHANICS APPROACH 


• IF A TANK DESIGNED FOR NO 0AMA6E IS DAMAGED. IT MUST BE SUBJECTED 
TO NEW ACCEPTANCE TESTING DESIGNED TO GUARANTEE (AS A MINIMUM) 

ITS REQUIRED REMAINING SERVICE LIFE. 


not contribute to the required shield thickness. Furthermore, if a tank is damaged, it is 
strongly suggested that new acceptance testing be conducted to guarantee its required 
remaining service life. 


3.3.&2 Shiefafing Analysis 

Guidelines and Assumptions -The guidelines and assumptions used to conduct th& space 
debris analyses are presented In table 3.3.15-2, The tank area iced was that established by 

Table 3.3.6-2 Space Debris Analysis Guidelines and Assumptions 

WIVtMN 

• EXPOSURE AREAs SIDE PROJECTION OF TANKS _ 

08 AND SB OTV • 3$ SQ M B> 

• EXPOSURE TIME; 

• MISSION ONLY (BOTH GB AND SB OTV) 

• TOTAL FLIGHT AVG • 5.3 DAYS (DESIGN POINT) 

• MANNED FLIGHT AND UNMANNED SERVICING AVG " 7.2 DAYS 

• BASING AT UO BETWEEN MISSIONS 

. GB 01V — l DAY 

• SB 01V — a DAYS 

• ALLOWABLE TANK PENETRATION: ZERO 

• PROBABILITY OF NO TANK IMPACT P®)' 0.995 

(REQUIRED TO SATISFY VEHICLE MISSION SUCCESS CRITERIA) 

• ^ EQUATIONS: , v .271 

• METEOROIDS:! •' & .162 f jTp (0) J IN MILLIMETERS ALUMINUM 

. /CAT) \ .431 

•MANMADE: T -0.089 (iT|{ 0 |J IN HI LU METERS ALUMINUM 

• DEBRIS MODEL: KESSLER ANO COUR-PALAIS, JGR VOL $3 METEOROIDS 
DOMINATE TRANSFER TRACTORY; MAN MADE DEBRIS DOMINATE LEO 

O DESIGN PT. BUT FINAL DESIGN INDICATED SB • 38 SQ M 
GB • 38.9 SQ M 


side projection rather than wetted. As indicated earlier, the analysis was conducted 
without the tank wa.' contributing to the required shield thickness. The Criteria are 
expressed as probability of no tank impact rather than penetration. 

The indicated value of P^j ■ 0.991* is that which, when considered with the 
predicted subsystem reliability, gives the required mission success goal of 0.97. The 
shield thickness (D equations have different constants and exponents because meteoroids 
and manmade debris have Afferent velocities, density, size, and flux. Both equations 
reflect use of a double-wail design with its general characteristics being one-third of mass 
in the bumper and the remainder in the back wall. Spacing between wails would be 
approximately 30 par tide diameters. It should be noted that a single-wall shield would 
have a mass approximately four times greater than that of a double wall. 
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The debris model used In the analysis Is shown in figure 3.3.6- 1. The indicated 
meteoroid flux is essentially the same as that used In the Apollo, Skylab, and Spade 
Shuttle programs. The manmade debris flux Is established by NORAD. As of 1980 there 
were approximately 3000 objects of 10 -cm diameter or greater. Approximately 60% of 
the objects are fragments resulting from explosions, 20% are mission, related such as 
shrouds, rocket stages, etc., and 20% are payloads (either operating or nonoperating). The 
value used in the analysis was the predicted flux for 1990 which is approximately 8000 
objects. 



figure 3.3.6- 1 Debris Model 

The number of Impacts per year expected on anOTV is 10"* with the Indicated area 
and P, v. Thir also corresponds to protection against objects with a mass of 10" g. 

Shield Thickness Requirement -The amount of protection or shielding retired for various 
combinations of f (o) and vehicle AT (m 2 -years) is shown in figure 13.6-2. The shield 
thickness Is defined as t expressed in millimeters equivalent of aluminum. For the case of 
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VEHICLE AREA-TIME PRODUCT (SQM YR.J 

Figure 3.3.B-2 Debris Shield Requirement 

a flight between LEO and CEO, meteoroids are the dominating environment. For a single 
flight and a p to>* 0 .995, the resulting t is 0.62 mm. For the on-orbit storage period, the 
dominating environment becomes a combination of manmade and meteoroid debris. 
Assuming an average of 3 weeks between flights, the required X is 1.09 mm. 

3.3.63 design Approach 

The selected design approach for space debris protection is shown in figure 33.6-3. 
The protection incorporated into the vehide is only that necessary for a- single flight since 
each flight is considered as an independent event. To provide the required protection 
during on-orbit storage (time between flights), the SB OTV will be placed in a hangar. 
The t provided by the hangar is the dfference between the total requirement of 1.05 mm 
and that provided by the OTV (0.62 mm), or 0.45 mm. Using this approach, the OTV does 
not have to incur the structural penalty assodated with on-orbit storage. 

The t for the vehide is provided through a combination of the shell, backwall, and 
MLL The backwall was placed between the shell and tank, rather than outside the shdl, 
because of vehide- diameter constraints. The aluminum equivalent of the shell and MLI 
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Figure 3*3.6-$ Selected Design Approach 


relates to their relative densities. A thicker backwai! for the LH 2 tank was necessary 
since the spadng between wails in that area was not aS great £ t *• (spacing)"^ ] . 
Although the resulting deslgi does not have the ideal double wall mass spilt (1/3-2/3), it is 
judged to be a reasonable compromise when launch or flight loads as well as debris 
protection must be considered. 

In addition to the selected debris protection design, alternative concepts were also 
considered such as those Indicated in figure 3.3.6 -0. These designs relate to concepts 
which make greater use of MLI rather than "haref 1 structure for the protection system. 
For the GB OTV using a structural bumper which also carries the launch loads, 
approximately 140 layers of MLI would be required to provide the t Of 0.62 mm. In the 
case of an SB OTV which only has a minimum of flight loads, consideration can be given to 
proviifing ail of the protection with MLI, such as indicated in reference 3. To satisfy the 
FOTV t requirement, as many as 300 layers wotdd be a "ball par k^ estimate. In summary, 
use of a very large number of layers of MLI does not appear to provide as straightforward 
a solution as the hard structure approach indicated with the selected design. The reasons 





Figure 3.S.8-4 Alternative Debris Shield Deigns 


are as follows: (1) installation of such a large quantity offers considerable challenges, and 
(2) In maldng the literature sirvey associated with this analysis, very little information 
was found concerning the real shielding value of a large amouit of MLL 

The structural mass impact of providing the indicated debris protection relative to 
idealistic SB and GB OTV's is shown in figure 13.6-5. In the case of the SB OTV, a 
vehicle that Indudes provisions for meteoroid protection has nearly a 500 kg penalty over 
one designed only for flight loads. The majority of the penalty is associated with the 
provision of the double wall shield. A GB OTV, although having a shell to sustain lautch 
loads and fully loaded tanks, still must be provided with a backwall and results in a 200-kg 
penalty compared to a concept which does not consider space debris. To put these data 
Into perspective, It must be noted that both of these vehicles are larger (larger propellant 
loads) and had longer on-orbit times than those which were investigated in the Phase A 
OTV studies. A ground-based and STS -compatible OTV did not require additional 
structure beyond that required to carry boost loads. 
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any, test data regard ng its debris protection Cpjaiities. in the case of MLI only for 
protection, there is the uncertainty as to whether a multilayer design would actually 
provide more protection than its mass equivalence. Three-layer (wails) shields have been 
Indicated to improve the protection. Uncertainty also exists in the design criteria for the 
propellant storage tanks at SOC in terms of debris protection. These tanks have fewer 
pressure cycles than an OTV; however, their exposure time is longer. Use of a P^) such 
as 0.995 would result in a t as large as 2.5 mm; however, since each tank Is only launched 
once, the long-term impact may not be too significant. 


Unresolved Issues 

Although a workable design approach has been defined for space debris protection of 
advanced OTV’s, it is recognized that there is considerable work remaining before an 
optimum design is achieved* Unresolved issues Identified at this time are listed below: 

1. Value of sandwich or honeycomb shell as bumper 

2. Protection characteristics of graphite-epoxy structure 

3. Value of three-layer shield 

0. True benefit of MLt only for SB OTV 

5. Proper viewpoint regarding and exposure time for propellant storage tanks at 
SOC 

Of foremost Importance Is the need to establish the shielding characteristics of 
graphite-epoxy or composite structure as single sheets or in honeycomb or sandwich 
designs. The importance is indicated by the fact that this material is used extensively 
throughout the vehide because it reduces weight; but at this time, there b very little, if 
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PARAMETRIC ANALYSIS: SOC METEORIQD ANO DEBRIS-PROTECTION 

By s Robert Kowalski 
NASA-Johnson Space Center 


It Is known that debris and metoerlods In space could be hazardous to 
space vehicles. This study Investigated the meteoroid and man-made space 
debris environments of an earth-orbital manned SOC (space Operations 
center). Protective shielding thickness and design configurations for 
providing given levels of no^penetratlon probability were also ealcuatcd* 

There are approximately 4,600 tracked objects In LEO (low earth orbit), 
with sizes greater than 10 cm. Another 15,000 to 20,000 are also 
estimated to be In LEO, but are too small to be tracked. Approximately 
54 percent of the tracked and most of the untracked debris can be 
attributed to hypergollc rocket stage explosions* or collisions between 
debris and expended payloads or rocket bodies. 


SOC meteoroid/debris protection consists of a radlator/shleld thickness 
Us), which Is actually an outer skin, separated from the pressure wall, 
thickness (Tb) by a distance (S). An Ideal shield thickness, will, upon 
Impact with a particle, cause both the particle and shield to vaporize, 
allowing a mlnlmwn amount of debris to impact the pressure wall Itself, 
{shield which Is too thick will crater on the outside, and release 
SPALL (small particles of shield) from the Inside causing damage to the 
pressure wall. Inversely, If the shield Is too thin. It will afford no 
protection, and the backup must provide all necessary protection. 


Referencing meteoroid/debris flux charts, and the equation N = FAT, It 
Is possible to calculate the number of Impacts (N) sustained on a sur- 
face area (A) during time (T) In a flux field (F), by a particle of 
mass (M). The probability of no penetration (P 0 ) Is given by P 0 ■ 1-N. 


Once a specific particle size (D) and level of no-penetration probability 
has been decided upon, the optimum shield thickness can be calculated 
using T§ ■ .25 D. The equation used to relate pressure wall thickness 
to separation distance Is 


.0S(p b .. t ) 1/6 M 1 ' 3 V 


(70,000) 




1/2 


M b particle mass* grams 

v . Impact velocity, B^t****** «* 

% ■ f° rt,e1e d0B6,tys tS^i%TSbril -a M< 

o. » pressure wall density! a/eni* , 

„ T . pressure wall material yield stress allowable Ib/ln 

y 


distances. 


in conclusion, hatards frommeteorolds^d ^^^a rea^threat to 

empl oys^a' doubl e*wal 1 "concept whirls effective In protecting It from 
particles that may Impact Its surface. 
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• Meteoroid/Debris Environment 

• SOC Protection Design 

t Assumptions and Analysis 

• study Results 

• Conclusions 

INTRODUCTION 

THE INVESTIGATION OF METEOROID AND MAN-MADE SPACE 
DEBRIS ENVIRONMENTS OF AN EARTH -ORBITAL/ MANNED 
SPACE OPERATIONS CENTER AND CALCULATION OF PROTECTIVE 
SHIELDING THICKNESS AND DESIGN CONFIGURATION FOR 
PROVIDING GIVEN LEVELS OF NO-PENETRATION PROBABILITY. 

METEOROID/DEB RIS ENVIRONMENT.; 

t 4,600 TRACKED 

• *10,000 - 15/000 JNTRACKED 

• PROJECTED 10 6 BY 1990 VIA COLLISIONS 

§ METEROID VELOCITY * 20 KM/SEC 

DENSITY ** .5 G/CM 5 

• DEBRIS VELOCITY **10 KM/SEC 

DENSITY **2.7 G/CM^ 
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Space Heat Rejection Radiators: Meteorold/Debrl s Consideration 

by d. Gary Rankin, NASA-Johnson Space Center 

INTRODUCTION 

This paper addresses (In a qualitative fashion) the effect of the 
meteoroid/space debris environment on the design and evolution of 
spacecraft waste heat rejection radiator systems* This discussion 
applies to "active 1 * radiator systems; l.e. systems In which waste 
heat Is collected from the various heat sources within a 
spacecraft and delivered to the radiator system by a heat 
transport loop. The heat Is then distributed over the radiator 
area and thus rejected to space. 

PRESENT SYSTEMS 

All active radiator systems on manned flight vehicles to date have 
used pumped fluid radiators for heat rejection. In other words, 
the heat transport fluid Is distributed via a manifold Into 
Individual small tubes attached to the radiating Surface, as 
Illustrated In Figure 1. The waste heat Is transferred to the 
walls of the Individual tubes by convection, through the tube 
walls and along the radiating surface by conduction, and finally 
to space by radiation. With this type of design, the puncture of 
any Individual radiator fluid tube would result In the loss of all 
fluid from the entire heat transport loop. For this and other 
reliability reasons, multiple transport loops are used to provide 
either redundant or at least fractional capability If one loop Is 
lost. 

No meteoroid/debris punctures of active radiator tubes have been 
experienced. However, It should be noted that fluid tube wall 
thicknesses have been driven by structural considerations other 
than the meteoroid penetration criteria. This has been due to 
factors such as relatively short life requirements and small 
exposed fluid areas. Therefore launch vibration and ccoustlc 
environments, or other general pressure vessel safety criteria 
have sized the tube thickness over and above what would be 
required for meteoroid protection based on current models. 

The Shuttle Orblter radiator panel construction (Illustrated In 
Figure 2) represents the largest ( S300 ft^) and most recent 
example of a pumped fluid radiator design. These panels consist 
of small aluminum tubes' beneath thin aluminum face sheets bonded 
to a lightweight aluminum honeycomb core material. Although the 
honeycomb panel design resulted from the structural requirements 
Imposed by the launch environment, It should be noted that It does 
provide some Inherent meteoroid protection to the fluid fluw 
tubes. The honeycomb and the facesheet on the side opposite a 
tube provide a "bumpering" effect, while Immediately above each 
tube there Is an "armoring" effect of the adjacent face sheet. 

FUTURE SYSTEMS 

Future systems, however, must meet requirements that are quite a 
bit different from those for current systems. The most Important 
new requirement will be a long lifetime, with space platforms or 
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Space Stations having a design life of ten years and probably 
actual life of much longer than that. The next major new 
requirement will be one of size. We are expecting electrical 
power levels on the order of several hundred kilowatts, so we 
would probably have about ten times the radiator area of the 
Orblter radiator system. This size, however, Is for a fully 
mature Space Station configuration. For a variety of technical 
and programmatic reasons, any future Space Station will evolve 
through a phased approach to Its final size. This establishes 
another unique requirement for future radiator systems: t Ke 

ability to be "grown* In orbit over a period of months or years 
from a relatively modest size to a very large size. With these 
different requirements In mind, our advanced program studies have 
shown benefits of radiators which Incorporate heat pipes rather 
than Individual fluid tubes to distribute heat to the radiating 
surface Itself. Heat will still be collected from various 
locations around the vehicle with a pumped fluid loop (or some 
even more advanced designs utilizing a two-phase system) but this 
central transport loop would not flow through tubes on the 
radiating area that Is exposed to the meteoroid or debris 
env 1 ronment . 

The heat pipe, Illustrated In Figure 3, Is a self-contained system 
that transfers heat by boiling a fluid at one point and condensing 
It at another; the liquid Is transferred back to the boiling area 
by capillary action through a wick structure. It is the use of 
the capillary action that Is the unique characteristic of the heat 
pipe. Provided that the pressure gradient in the vapor is kept 
small* the axial temperature gradient along the heat pipe can be 
small, resulting In a device of a very high thermal conductivity. 
The effective thermal conductivity of the device can be more than 
1,000 times that of a solid copper rod of similar dimensions. 

Most heat pipes proposed for use In spacecraft radiators are made 
of aluminum, with ammonia as the heat pipe working fluid. In this 
application, heat would be transferred from the heat transport 
loop flowing through a central manifold to one end of each heat 
pipe (the evaporator). Each separate. Individually charged and 
sealed heat pipe would then transport Its portion of the heat to 
Its condensor section, which Is cooled by the attached radiating 
fin surface. The internal wlcklng structure of the pipe would 
return the condensed liquid to the evaporator section, and the 
<*''cle would be repeated as long as the heat load Is maintained. 

Figure 4 Illustrates some of the benefits of the heat pipe 
radiator over a conventional pumped fluid type. Controls are 
simpler and pumping requirements are less due to the simpler fluid 
flow arrangement resulting from the elimination of the Individual 
radiator flow tubes. The biggest single advantage, however, Is 
that a heat pipe system reduces the radiator’s sensitivity to the 
meteoroid/debris environment. As discussed earlier, the puncture 
of any single tube would cause the loss of all radiator area 
associated with the same fluid flow system. With the use of heat 
pipes, the puncture of any single exposed heat pipe would only 
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SATELLITE SERVICES AND ORBITAL RETRIEVAL 

by 

Rudolph J. Adornato 

Grumman Aerospace Corporation, Bethpago, N.Y. 

Over the past two years, Grumman Aerospace has been working with 
NASA/JSC in the development of Satellite Services. Satellite Services is on 
extension of the Spaee Transportation System (STS) which will provide 
on-orbit services and operational capabilities that exploit the uniqueness of 
the STS (vs. expendable launch vehicles), and the advantages of human 
presence on-orbit. Within the capabilities of the Space Shuttle Orbiter, a 
broad range of services can be made available to the satellite user community 
as summarized in fig. 1 i.e, payload deployment, close proximity retrieval, 
and a number of other mission related functions. This presentation will focus 
on close proximity retrieval and retrieval of payloads in higher energy LEO 
orbits . 


e PAYLOAD DEPLOYMENT 


CLOSE PROXIMITY RETRIEVAL 


• ON-ORBIT SERVICING 


• BACKUP/CONTINGENCY 


• DELIVERY/RETRIEVAL OF HI ENERGY PAYLOADS 
(LEO/PROPULSION CLASS) 


e EARTH RETURN 


e OPTIONAL SERVICES 


Pig* 1 Satellite Service Operations 
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Figure 2 identifies the various satellite classes with which the Orbiter 
will be required to interface, They include: 

• Direct Pelivory/Serviclng - those satellites capable of direct delivery 
to orbit and/or servicing by the Orbiter 

• I EO/Propulolon ~ those sotollltos whose UFO operational altitude Is 
above the Orbiter's nominal delivery altitude 

• GEQ Satellites - those satellites dostinod for GEO that are deployed In 
LEO by the Orbiter 

• Planotary/Others *■ Spacecraft destined for planetary missions that or© 
deployed by the Orbiter. Also considered in this class are 
undefinable satellites/payloads that might be carried as reflight op- 
portunities in the STS manifest 


• Sorties/DoD - Sortie missions such as e.g., Spacelab flights and DoD 
Orbiter flights. 



Fig. 2 Satellite Closses 


The satellite classes considered for retrieval with the Shuttle Orbiter 
include Direct Delivery/Servicing and LEO/Propulsion . 
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Figure 3 summarizes the satellite retrieval opportunities which may be- 
come available In the decade comraeocing in 1983. These are grouped as a 
function of the satellite mass because it Is an Important parameter which 
relates to retrieval techniques, and the number of opportunities within that 
grouping are shown. Of importance is the year in which the first 
opportunity may exist; e.g.; within the satellite mono grouping of up to 1000 
kg, thoec are 12 retrieval opportunities projected, the flrot occurring In 
1986. 



SATELLITES DIRECTLY REACHABLE BY ORBITIR 


W 

SATELLITE 

NUMiiR OF 

EARLIEST 


MASS (KQ) 

RETRIEVAL EVENTS 

TIME FRAME 


UP TO 1000 KG 

12 

1086 


1000 • 2600 KG 

9 

1983 


2600 • 6000 KG 

18 

1986 

— v v • 

6000 -11,000 KG 

16 

1987 

=& 

>11,000 KG 

19 

1987 

— V? 

SATELLITES WITH LEO PROPULSION 


l. , 

UP TO 1000 KG 

8 

1986 




1986 

•vf 

1000 • 2500 KG 

38 

* 

2500 • 5000 KG 

33 

1984 


•APPROVED OR PLANNED SATELLITE PROGRAMS ONLY 



Fig. 3 Satellite Retrieval Opportunity Model (1983-1093) 


Also noted, for the satellite mass grouping of 1000 to 2500 kg, the first 
retrieval opportunity may exist as early as 1983. That date was based on 
earlier information which first expected Solar Max Mission retrieval and repair 
in 1983, but which has now been rescheduled for STS Flight 13 in April 1984. 
All told, opportunities may exist for retrieving more than 150 active satellites 
through the year 1993, for purposes of on-orbit refurbishment or for their 
return to the ground for subsequent launchings. 

All satellites to be retrieved within these indicated opportunities will be 
for active satellites launched by the Shuttle and nominally operating. Figure 
4 summarizes, however, the types of satellite retrieval conditions which may 
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ho c olled upon when considering both planned an contingency retrieval sit- 
uations. Stabilised satellites Include both actively and passively stabilised 
satellites such os gravity gradient stabllljod or satellites whose control system 
os been inhibited so as not to Interfere with orbltor retrieval operations 
Removal of partially disabled satellites which may be rotating at low rotes and 
retrieval of highly unstablllaod Inactive satellites and debris may also be 


• retrieval of actively stabilized satellites 

• RETRIEVAL OF PASSIVELY STABILIZED SATELLITES 
- GRAVITY GRADIENT STABILIZED 

“ MARTIALLY DISABLED (ROTATING AT LOW RATES) 

• RETRIEVAL OF INACTIVE SATELLITES/DEBRIS 


Fig. 4 Type* of Satellite Retrieval 

Figure 5 relates the retrieval modes which are applicable to the Orbiter 
Direct and LEO Propulsion Class satellites. Satellites directly reachable by 
the Orbiter can be retrieved by the Orbiter’s Remote Manipulator System 
(RMS) or with the assistance of Proximity Operations Modules (POM), 
atellites in the LEO propulsion class are captured and brought back to the 
Orbiter with a Versatile Service Stage (VSS) also referred to as the 

Teleoperator Maneuvering System. These retrieval modes will be further 
explained in subsequent discussions. 

i — — - — — — 

• ORBITER DIRECT (SATELLITES REACHABLE BY ORBITER) 

- RETRIEVAL WITH RMS 

’ MODULE (POM)™ ASSISTANCE 0F PROXIMITY OPERATIONS 

• LEO PROPULSION CLASS (SATELLITES NOT DIRECTLY 

REACHABLE BY ORBITER) 

- RETRIEVAL WITH VERSATILE SERVICE STAGE 


Fig. 6 Retrieval Modes 
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Figure 6 shows a rendering of the Orbiter equipped with en RMS for a 
baseline retrieval operation. In this sequence, the Orbiter, after completing 
rendezvous with the satellite to a range of up to a few thousand ft, would 
then approach the satellite to within the RMS reach of about 35 ft. Figure f, 
Illustrates the grapple fitting mounted to the satellite and the snare end 
effector which is attached to the end of the RMS and used to capture the sat- 
ellite s grapple fitting. This is presently considered to be the nominal re- 
trieval mode for stabilized satellites. 



Fig. 6 Deployment/Retrieval with tha Remote Manipulator Symnw 


for RMS f ^ sum ™ arizes the highly stringent requirements and capabilities 
for RMS retrieval of payloads. Actively stabilized satellites for - 1n „i 

^1“ r dband r *° be - ,thi " £rrir 

8 ® ra P p * e P°int motion of less than *3 inches. For the 

the 9 qra ^ !atelli,es - such « Suavity gradient stabilized satellites 

grapple point motion must be contained within M5 in. and have attitudl 
rates about all axes to be less than 0 5 In t , " 

mode the satellite i. , a in /sec. To employ the RMS retrieval 

ode the satellite ,s required to be stabilized to rather tight tolerance, 
throughout the Orblter/RMS retrieval operations. tolerances 
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• SPIN-STABILIZED PAYLOADS MUST BE DE-SPUN 

• PASSIVELY-STABILIZED PAYLOADS MUST HAVE GRAPPLE POINT MOTION 
LESS THAN i 16 INCHES AND LESS THAN 0.06 INCHES/SECOND 

• ACTIVELY-STABILIZED PAYLOADS MUST HAVE 

- ATTITUDE DEAD BAND LESS THAN t 1 DEGREE ABOUT ALL AXES 

- ANGULAR RATE LIMIT LESS THAN 0.1 DEG/SEC ABOUT ALL AXES 

- MAXIMUM GRAPPLE POINT MOTION LESS THAN + 3 INCHES 

• MAXIMUM ALLOWABLE RELATIVE VELOCITY OF PAYLOAD AND ORBITER 
AT CAPTURE LESS THAN 0.1 FT/SEC 

• PAYLOAD SHOULD HAVE SUFFICIENT CONTROL AUTHORITY TO DAMP OUT 
AND RETURN TO LOCAL VERTICAL/HORIZONTAL (LVLH) ATTITUDE 
WITHIN 2 MINUTES AFTER DIRECT RCS PLUME IMPINGEMENT AT 35 FEET 
FROM THRUSTER 


Fig. 7 RMS Capabilities for Payload Retrieval 

Figure 8 relates other factors which must be considered for Orbiter RMS 
retrieval, and which in some applications may make it impractical; e.g., the 
exhaust plume impingement resulting from the Orbiter RCS Z-axis braking ma- 
neuvers may cause both attitude and translation disturbances to the satellite 
which could preclude retrieval using the RMS. Low Z-axis braking maneuvers 
reduce impingement effects considerably but utilize a significant increase in 
RCS propellant. 


• POTENTIAL ATTITUDE/TRANSLATIONAL DISTURBANCES DUE 
TO EXHAUST PLUME IMPINGEMENT EFFECTS 

• LARGE ORBITER RCS PROPELLANT CONSUMPTION DURING 
CLOSE PROXIMITY OPERATIONS 

• POTENTIAL CONTAMINATION TO SATELLITE/EXPERIMENTS 
FROM ORBITER RCS EXHAUST PARTICLE DEPOSITION 


Fig. 8 RMS Retrieval - Other Considerations 


Still another factor to be contended with is the potential contamination to 
the satellite and/or experiments which result from RCS exhaust particle depo- 
sition. This is of particular concern to large optical satellite systems operat- 
ing in the infra-red and visible light spectrums which are highly sensitive to 
molecular and particulate deposition. These satellites would then require re- 
trieval using contaminate sensitive retrieval systems. 
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Illustrated in Fig. 9 is a concept for a contaminate sensitive retrieval 
system known as the Proximity Operations Vehicle (PQV). It consists of a 
small free flyer vehicle dispatched from the Qrbiter payload bay and flown to 
the satellite which i3 station- keeping at a range up to 3000 ft. The free fly- 
er is flown using remote commands issued by a crewman in the Orbiter aft 
flight deck. POV is flown to capture the satellite by its grapple fitting and 
tow it to within the Orbiter RMS reach distance. It then releases the satellite 
in a highly stabilized attitude mode for capture with the RMS. A key feature 
of the POV is its non-contaminating cold gas propulsion system which is used 
to perform both attitude and translation maneuvers. 



Fig 9 MTV/Proximity Operations Module — Satellite Capture 


Figure 10 illustrates the flight control concept selected and baselined for 
maneuvering and controlling the POV to and from a satellite station-keeping 
within close proximity of the Orbiter. The concept involves a crewman sta- 
tioned in the Orbiter aft flight deck equipped with hand controllers and dis- 
plays flying the POM to a satellite by remote attitude and translation com- 
mands. The procedure requires the crewman to maintain the POM in inertial 
attitude hold during approach to the satellite and controlling inertial LOS 
rates with Y- and Z-axis translational thrust. This flight technique was de- 
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volopod during the Apollo program for manual terminal rendezvous and dock- 
ing of LM to the CSM. Man-iri-tho-loop simulations have shown that near 
minimum delta-V penalties are incurred when controlling inertial LOS rates to 
low rates (40.2 mrad/sec) during approach. An additional factor which im- 
pacts the selection of guidance system components needed to implement this 
technique is the non-stringent inertial sensor requirements. The Impact of 
gyro drift occurring within approximately 15 minutes of flight time have little 
effect on the inertial attitude reference accuracy. 



As can be noted from the illustration, the POV configuration is designed 
in modular sections, comprised of an aft section containing the propulsion 
system, propellant and tankage, and a forward section or core module con- 
taining the electronic components and all other operating systems. 

Figure 11 illustrates the overall design and general equipment arrange- 
ment developed for the Core module. Major subsystems were organized into 
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component groupings for ease in maintenance and refurbishment, . For 
example, one side wall contained the power supply and distribution system, 
with an area provided for a second 40 am&rhr battery. Tf top panel was 
used to mount the communications system components. The ^cond side wall 
housed the G&C components. The bottom panel incorporat'd the passive 
berthing docking mechanisms while the front face housed the TV system. 
Additional room was provided for the extendable mast and stow cannister. 
These components are to be interfaced with the TV system in accordance with 
prescribed dimensions. 



As illustrated in Fig. 12 the propulsion kit which contains two 28 in. di- 
ameter spherical tanks is capable of providing about 175 lb of useable GNj 
propellant. Also contained within the module is an aft facing TV camera used 
to navigate the POV to the Orbiter when towing the satellite. Four 101 in. 
deployable thruster booms, each carrying a thruster quad mounted to the 
end, provide the attitude and translation control authority required for satel- 
lite towing. The boom length was sized to minimize thrust loss due to 
impingement on satellites as large as 15 ft in diameter. 






tl 


Also incorporated is the snare and effector, which is attached to an ex- 
tendible boom and used for satellite grappling. Overall size of this config- 
uration measures 76 in. W x 29 in. H x 66 in. L and is estimated at 1110 lb. 
This configuration is used to retrieve satellites up to 5000 kg at a range of 
up to 1 km. It could also be used for larger payload sortie missions provid- 
ing a delta-V of 100 ft/sec for 1000 kg experiment packages. 
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Figure 13 illustrates how a manipulator system can be integrated with the 
core and propulsion modules. t The manipulator arms, each 5 ft in length are 
mounted to the front face of the core module, and can be used to capture 
spinning satellites. The arms store along the core module side panels within 
the thruster boom stowage envelope. The system also includes a tilt and pan 
TV system with two additional lights mounted to the front face. The POV is 
spun-up to match the rotating velocity of a spinning satellite and the manip- 
ulator arms are extended to capture the satellite. After capture, the POV is 
despun to bring the rotational velocity of the satellite to near zero. 
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Retrieval of satellites within a 100-ft separation distance of the Orbiter 
can also be accomplished by a manned Proximity Operations Module (POM) as 
illustrated in Fig. 14 and 15. The POM is an adaptation of the Work Re- 
straint Unit (WRU) and can be used in conjunction with a Manned Maneuver- 
ing Unit (MMU) to retrieve moderate-size satellites in the Multimission Modular 
Spacecraft class (2500 kg) . 

The POM is equipped with an extendible mast and an RMS end-effector 
mounted to a support structure to allow the astronaut to fly with the snare 
end-effector in a forward position during satellite engagement, and in an aft 
position during satellite towing operations. As astronaut would fly the 
manned POM to the satellite, capture it via the satellite's RMS-compatible 
grapple fixture, and tow it to within the reach distance of the RMS. 

Figure 14 shows the Manned POM "flying-in" the end effector to engage 
the satellite's grapple fixture. As illustrated in Fig. 15 the manned Proximity 
Operations Module (POM) tows a spacecraft to the Orbiter. Via flight control 
capabilities of the MMU, the astronaut would stabilize/position the satellite 
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within the reach distance of the arbiter's RMS arm. The POM would then de 
tach itself from the satellites's grapple fixture and allow the Grbiter RMS to 
capture the satellite. Following capture, the RMS places the satellite on to a 
handling and positioning aid or tilt table to enable on-orbit servicing, Since 
most of the major hardware elements of this concept exist or are In late 
stages of development, the manned POM could be a more readily available ap- 
proach to near-term satellite retrieval missions. 






Flfl. 14 Manned Proximity Operations Module - Satellite Capture 



Fig. IB Manned Proximity Operation* Module - Satellite Retrieval 






Figure 16 shows a schematic of the baseline work restraint unit or core 
work . atlon and the additional attachments for satellite retrieval. Included 
In the Figure are the cradle assembly with a snare end effector and a battery 
powered extendible mast. An additional control panel provides the astronaut 
with manual control of the extendible mast and a capability to rotate the 
cradle assemb'y Into position for satolllto towing. Without the cradle as.ely 

but with d stabilizer add-on kit the wrij u . , ^ 

n tn© wku con be us©d os a work station 

repairing satellites or equipments within the Orblter payload bay. Figure 17 
dep,c,s , crewman repairing , satellite appendage hang-up prior tl 
dtasloyment rom the payload bay. After attaching himself to the work sit. 

into tha t ! , T' tHe CreWmi,n , ' e,MSe8 h "" Se ' f from the ■*** steps 

' * . * °°* '' es,raint ,0r This design provide, the crewman with 

trusted access to the work zone within his immediate surrounding 
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Fig. 1? MMU/Work Station - Backup for Satellite Appendage Hangups 

For the LEO/Propulsion satellite class, (satellites in Low earth orbit 
which cannot be reached directly by the Oribiter) satellite retrieval is accom- 
plished with the use of a Versatile Service Stage (VSS) or Teleoperator Ma- 
neuvering System (TMS). As presented in Fig. 18 the VSS is equipped with 
a snare end effector on an extendible mast as it approaches an uncooperative 
satellite rotating at low altitude rates. This mechanism is used to capture the 
satellite and reduce its rotational rates so *hat a hard docking can be effected 
to transfer the satellite back to the Orbiter. 

Figure 19 illustrates the VSS equipped with dexterous manipulators for 
retrieving inactive satellites and/or Orbital debris. The illustration depicts 
the VSS capturing an OAO satellite which is tumbling about one axis at rates 
up to 10 rpm. Capture is achieved by spinning up the manipulator arms at a 
rate which is synchronized with the satellite's tumbling rate and then engag- 
ing the satellite. After engagement the satellite is despun via a clutch 
mechanism that transfers the rotational energy to the VSS which In turn dis- 
sipates the energy with the VSS reaction control jets. After nulling the 
satellite's rotational rate, the manipulators are then used to hard dock the 
satellite to the VSS for transferring the satellite to the Orbiter. 









Figure 20 nhowft the crewman— in the Qrbiter aft flight deck commanding 
the VSS via remote manual commands to bring the satellite to within Qrbiter 
RMS reach. Manual remote commands are used to fly the VSS when within 
close proximity of the Qrbiter. After tbo-sotollito i& brought to within 
Qrbiter RMS reach, the Qrbiter captures the satellite and planes It Into the 
payload bay either for on-orbit repalr/rofurbishment or for earth roturn. 
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Fig. 20 Versatile Service Stage — Close Proximity Flight Control 


In conclusion, and as summarized in Fig. 21, the POV has wide use for 
a number of applications. 

• It offers non contaminating retrieval of satellites 

• It will minimize Orbiter RCS propellant usage 

• it will expand the capture envelope of satellite attitude conditions, 
and 

• can maneuver payloads and experiment packages about the Orbiter. 

The manned Proximity Operations Module (MMU/work station) can be 
used as a work station which will attach to an assortment of work sites. It 
can be used to transport small payloads to the various work sites, as well as 
to stabilize/ retrieve satellites in close proximity to the Orbiter. It will also 
serve as back-up to the RMS for satellite deployment. 
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• MTV/PRGXIMITY OPERATIONS MODULE OFFERS THE FOLLOWING BENEFITS 

- NON CONTAMINATING RETRIEVAL 

- MINIMUM ORBITER RCS USAGE FOR CLOS>« PROXIMITY OPERATIONS 

- EXPANDS SATELLITE CAPTURE POTENTIAL BEYOND RMS CAPABILITIES 

- SORTIE EXPERIMENT MISSION APPLICATIONS 

• MMU/WORK STATION OFFERS THE FOLLOWING CAPABILITIES 
FOR NOMINAL ANO CONTINGENCY OPERATIONS 

- WORK STATION ADAPTABLE TO VARIOUS SITES 

- TRANSPORTER OF SMALL PAYLOAD MODULES TO WORK SITES 

- PROXIMITY OPERATIONS MODULI FOR SATELLITE CAPTURE 

AND RETRIEVAL SATELLITE STABILIZATION 

- RMS BACKUP FOR SATELLITE DEPLOYMENT 

• DEVELOPMENT OF MANNED AND UNMANNED POM'S ARE BOTH TECHNICALLY 
AND ECONOMICALLY ATTRACTIVE 

- CAN BE DEVELOPED WITHIN CURRENT TECHNOLOGY BASE USING 
OFF-THE-SHELF EQUIPMENTS 

- MINIMIZES DEVELOPMENT COSTS 

- OFFERS AFFORDABLE GROWTH 


Fig. 21 Conclutlon* 


Considering these applications and the design concepts developed, 
manned and unmanned POM's are both technically and economically attractive. 
More importantly they can be developed within the current technology base 
and at reasonable cost. Because they satisfy many potential mission needs 
and can be used as a standard mode for satellite retrieval, early system de- 
velopment and flight demonstration is strongly recommended (Fig. 22). 


• BECAUSE RETRIEVAL WITH PROXIMITY OPERATIONS 
MODULES CAN SATISFY ALL POTENTIAL MISSION NEEDS, 
IT SHOULD BE CONSIDERED AS A STANDARD MODE FOR 
SATELLITE RETRIEVAL 


• EARLY SYSTEM DEVELOPMENT LEADING TO FLIGHT 
DEMONSTRATION IN 1986 IS RECOMMENDED. 


Fig. 22 Recommendation* 
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~ A REMOTELY CONTROLLED ORBITING RfiTRlF VF.R* 


Marshall H. Kaplan** 
Spacetech, Inc. 
State College, PA 


Summary 

A preliminary design effort was recently carried out to 
investigate methods of removing a certain class of space objects 
from Shuttle- type orbits. Specifically, expired satellites, upper 
stages, and other objects of potential danger to the Shuttle are 
the targets of this study, the Trash Remover and Satellite 
Hauler (TRASH-1) design effort was broken into several discip- 
lines: mission analysis, systems engineering, dynamics and con- 

trol, power, thermal, and propulsion. 

A basic requirement Is that TRASH-1 go up in the Shuttle. 
It must be reusable and capable of disposing of more than one 
item per mission for cost effectiveness. These requirements 
imply TRASH -I should use current technology, be modular in 
design, and be relatively maneuverable, in order to maximize 
utility, it should be able to both capture and dcorbit objects. 

The design was a basic bus with attachable modules which 
can either capture or deorbit, depending on the module. I he 
bus is divided into two parts, a front section with shelves and 
thermal control for equipment such as communications, computer 
contiol. etc., and a rear section which houses the main kir* 
motor and some of the attitude contiols. For communications, 

• Work reported hero is based on a study carried out at 'he 
1‘ennsyivania State University under the author's direction. 
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the bus is equipped with a Hacking and Drou-IHoiay Satellite 
byatem (TORfiS) link package. Also, a remote arm was included 
to cut any appendages from a spacecraft should it be necessary 
for capture. Shuttle attachment points are located on the bus. 

A "strawman" scenorio was developed in which the satellite, 
080 - 6 , would be retrieved. In addition, an extensive list of 

possible retrieval candidates was compiled to ossist in developing 
design criteria. 


Spacecraft Requirements and Constraints 


The mission is cl eat I y one of maneuvering to, rende/vousiiig 
with, docking with, and eliminating objects from future Shuttle 
orbits. Use of the STS imposes many constraints. The cargo 
bay limits the diameter to 4.5?m (15 ft.) and length to 18.3m 
(60 ft.). A limiting dry mass of 14,515 kg (32,000 lbs.) is imposed 
for Earth return. To provide adequate clearance for appendages, 
a diameter of 3.65m (11.9 ft.) was selected. The length is 
limited to 6.0m (19.7 ft.). The lift-off mass became 9,525 kg 
(21,000 lbs.). 

TRASH-1 must withstand all launch and landing loads. 

Load factors that the spacecraft was designed for correspond 
to ultimate g loads encountered during a Return-To-Launch-Site 
(RTLS) abort and for a hard landing. 

A cost-effective approach was vital to the philosophy of 
a retrieval mission. Thus, TRASH -l is assumed reusable through 
poi iodic leruibishment and the use of a modular design. The 
cost-effective aspects dictated multiple retrievals per mission. 

The TRASH-1 vehicle is unusual in many respects, it c. 
not designed for a single specific mission, but »0r a variety of 
♦asks i elated to collecting space trash. This mission requires 
that the vehicle be fievibie in its maneuverability and attitude 
control. It is assumed that each mission will involve rondewar. 
w<ti> at least three targets. Normally, each target '* mbit will 
diffeu in ascending node position, inclination, and •,r*ml -major 
«t« is. Rondi'/vous with the lirsf target will be jucoimuoiIiI cd 
by the ladle h vehicle. IRASH-I must then complete Mm 
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f oiuJe/vous and accomplish at least two others. 

Targets will bo in dibits which differ by mi muc.ii ns 400 
km in radius. Tins requirement will not place major const mint!, 
on the vehicle since radius changes can be accomplished vury 
efficiently. Inclination changes and changes in ascending node 
position, however, require large velocity increments. The pro- 
pellant available will probably limit these maneuvers to less than 
IS degrees, at least in the case where brute foice methods air* 
used. Using the effects of the Earth's oblateness to adjust 
the ascending node could increase this range. Preliminary calc- 
ulations indicate that the vehicle should be capable of at least 
<* velocity change of 3.0 km/sec to meet overall requirements, 
this mission places many constraints on the control system. 

Three functions will be. necessary: 

1. robust attitude control mode, 

2. autopilot mode, and 

3. articulation control mode. 

Hie robust altitude control mode is needed during rertue/vuu’. 
when the vehicle must be capable of full rotations about pitih, 
roll, and yaw axes, this is necessary to handle (tie entitc itmde/vouS 
since retrieved obiects are passive. This capability is applied 
to point the velocity vector for orbital maneuvers. Orientation 
accuracy in this mode must be 0.2 'j degree (3o). 

The autopilot ninth* is required duimq the lineui arreierntioh 
Phaser. An> velocity change emus must tie son-md duuni; the 
thrmier firing and corrected so that huge trajectory errors do 


not result. 
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Ai ticulation cont.ol ,8 needed to point the high gain antenna 
ami solo, panels independent ty of the mam tody platfo.m. Sola, 
panels only .oqulre cont.ol to within 1-S degrees, tot co.nmu.ucat.ons 
v.a TDRSS demand antenna pointing to bettor than 0.5 degrees. 

This system must also be able to respond quickly to compensate 
for commanded body rotations. Overall, the mission requirements 
fo. this vehicle specify a high-velocity change capability and a 
highly maneuverable vehicle with accurate control. 




Spacecraft Design 

The major design aspects considered lime ate stun tuml, pro 
puiston, dynamics and control, power, thermal, and communications. 

1o Oegin, the structural design was divided into several ..actions. 

Tirst, there is the bus, the part designed to house the propulsion, 
communication, computers, and all of the other equipment necessary 
tor a general mission. It is further compartmentalized into a rear 
section lot lire main Kick thrustei and a foiward section (or all 
of the equipment. The other structural area in the capture and 
deorbit modules. These will attach on the front of tire bus. 

I he bus external structure is cylindrical, but the sides are 
slightly flattened to accommodate the solar panels. Since lie 
beginning, several appendages have been added lor vanous tasks, 
figure!! i and 2 show the final design of the I RASH-1 spare* iatt. 

Placed mound the external soil ace of tin* •, pace*, (all ,„f attitude 
Hu listers. A total of twelve attitude thrusters were chosen to 
be mounted about the bus. Two thrust eis iliat fire in the p,, ,t.vo 
* d..et; non are canted up 30 degrees. I hi;, was done so ti e exl.,.u:;t 
oi these two thiusters would not mtei fete duimg rendezvous with 
an object. To provide a pure couple during pitch maneuvers, two 
i blusters filing in the negative x direction weie placed at. the othei 
end of the spacecraft. 

On the fiont of the spacer i at I is a room* titiq phiie used 
to supply powei to the capture module ten its i.nlar, lights closed 
circuit TV (CCTV), and other functions pertaining to the captuie 
sequence. The connect mg plate will not lie used tm the ueoibd 
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— since they hove thelr own power source. There 

are , ou , attachment polo., oh '“n^oL .he epececre.. .or use 
In securing «h. c.pture/deorbl, module.. The attachment poln.s 
on commend, -eie.se the module, depending on the plenned 

01188100 . . 

Connected to one eld. o. the spacecraft Is • -emo.e menlpul.tor 

arm . This erm Is 5.5 meters Ion, end six degrees o. treedom. 
on ,h. end or the erm I. . cutting tool used to remove an, long 
.pp.nd.ges the. would Inter, ere with ,h. cptur. SOouence. Inside 
t h. e, m „ . pressure unK end . valve to very the .mount or pressure 
.pplled b, the too, so It e.n gr.b .nd hold or cut appendages. 

The TOMS .ntenn. Is to be mounted to the rear of the spac 
car. so It Will not Interfere with the capture seguence and to 
X.ep I. awa, from thruster exhaust. During Lunch and reentry, 
the .ntenn. will told down, face first, to prevent damage to the 
reflector. The mast of the antenna was designed to be 3.5 meters 
(It. 5 ft) long so that the spacecraft would not Interfere with the 
transmission and reception d. da,, from the TOMS satellites. 
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Mission Analysis 

The first task In developing mission profiles for TRASH -l 
is to identify those objects which present a potential hazard to 
STS operations. A computer program was developed, using Input 
parameters such as catalog number, a numerical code specifying 
nationality (l.e. 1 for USA, 2 for USSR, etc.), orbital period in 
minutes, inclination in degrees, apogee and perigee in kilometers, 
and node line ,'n degrees. This program was designed to scan each 
set of input parameters and to calculate the semi-major axis of 
each orbit, rejecting any satellite with a semi-major axis falling 
outside the range of the Shuttle operating envelope which is 
approximately 6$0 km. Those pieces of debris with semi-major 
axes falling within this range were further sorted, by inclination, 
into two arrays. The first array contains information on satellites 
with inclinations between 28.5° and 57.0° reachable by launching 
from the Kennedy Space Center. The second array includes those 
objects that have inclinations between 57.0° and 104.0° and can 
be reached from Vandenburg Air Force base. Finally, both of 
these arrays were generated to provide an up-to-date, comorehensive 
list of target satellites for each launch site. Final output data 
include launch site, catalog number, nationality code numoer, period 
in minutes, semi-maior axis in kilometers, and node line in degrees. 

For this report, the 28 February 1981 NASA Satellite Situation 
Report was used as tne data base for the target selection program. 
Ai, ol that date, there were 4539 objects in orbit. Ol those, approx- 
imately 300 pieces of debris occupied orbits within the SIS operating 




onvfllopo and, therefore, constituted a potential hazard to Shuttle 
operations. In addition, thoro wore approximately §0 piocoa of 
debris with orbits crossing the altitude range of 200 to 400 kilo- 
motors whore the majority of Shuttle missions will take place (see 
Table 1 for a partial list). 

TRASH -I will be capable of performing several types of removal 
missions. These include retrieval of small objects, deorbit of several 
small satellites and upper stages, and boosting of nuclear powered 
satellites. The various mission combinations require Independent 
maneuvering from a low Shuttle orbit to rendezvous with the target 
followed by return to the Shuttle orbit. It is envisioned that TRASH- 
I wilt be capable of performing one capture and one ot more deorbits 
per mission. 

The decision to deorblt or capture a particular target depends 
oh its mass, size, and shape. However, there are other factors 
involved, such as the possibility of a nuclear device on board. To 
verify the presence of a nuclear device, TRASH-1 is equipped with 
a radiation sensor. If the taiget is radioactive, it cannot be deorbited 
or captured; it must be boosted to a higher orbit. This situation 
is related to the problem of deorbiting or capturing a target owned 
by a nation other than the United States. For example, the USSR 
has a laigo number of objects in the Shuttle operating range which 
Should be removed Thus, international cooperation will l»e noeilct! 

Tc avoid pnlitnol repercussions, l-or this study, mission, won* .elected 
Solely on the basis ol position in oibit and size and mas;, ol the 
objects The following is a brief description of the various ini.sion 
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scenarios and associated configurations for TRASH -I. 

(a) The multiple deorhit and single capture mission is designed 
to remove up to three objects orbiting in very close planes 
but with different altitudes and periods. The Capture/ 
Containment modulo Is fitted with up to two detachable 
retro modules, allowing up to two satellites to be deorblted. 
After rendezvous is completed with a satellite, a retro 
module is attached. Oeorblt of the first satellite clears 
the Capture/Containment module so the same task can be 
performed on a second satellite. A third satellite is then 
captured and returned to the Shuttle for transport back 

to £arth. 

(b) The large vehicle deorblt/slngle-capture mission is designed 
to remove two spacecraft from almost co-pianar orbits. 

The major difference between this mission and (a) is that 
the Capture/Cohtainment Module contains a single deorbit 
module which has many characteristics of an Inertial Upper 
Stage. The reason for this rather sophisticated deorbit 
module is that large satetiites and booster stages will require 
attitude and stabilization control before deorbit. Further, 

a larger quantity of propellant will be needed to deorbit 
such large spacecraft. The capture segment of this mission 
is the same es in (a). 

(O To complete the nuclear satellite boost/single-capture mission, 
the boost module is attached to the radioactive target and is 
boosted to a higher orbit, using two velocity changes. The 
capture part of this mission is the same as In (a). 

f-oi the example mission to retrieve OSOG, the Orb, ter ascends 
to *. £*l»0km circular orbit with an inclination of 33 degrees. TRASH -I 
systems are activated just prior to release and a check is made on 
all spacecraft systems. The STS crew will use the Remote Manipulator 
System to deploy TRASH-1 at a safe distance before activating it. 


The Orbiter Is then ••backed" away from the spacecraft to avoid 
interference as It becomes active. 

The first step In the power ~up sequence Is to deploy the TRASH - 
I solar panels on command from the ground. Once eloetrlcal power 
Is assured,, the TRASH -I Is ready for a systems check independent 
of the STS. This Involves activating the TV cameras, sensors, and 
propulsion system, and rechecking all other systems to insure a 
successful mission. The Orblter may now continue on with deployment 
of any other payloads, or It may begin preparations for reentry. 

An interesting aspect of the power-up sequence is that TRASH- 
I can focus on the STS as an object while checking its floodlights, 

TV system, and short range sensors. 

Since the Orbiter can match both the inclination and node 
line position of the OSO-6 satellite, the rendezvous maneuvers for 
TRASH-1 breakdown into several simple coplanar transfers. During 
this mission, TRASH-1 will travel in several different orbits to reach 
OSO-6. The first is the initial circular orbit at 250 km, with a 
period of 89.50 minutes. It then executes a Hohmann transfer 
with a half period Of 45.39 minutes. The period of the OSO-6 
Orbit is 92.261 minutes while the period of a circular orbit at 375 
km is 92.046 minutes. Because these two periods are nearly equal, 
relative positions of chase and target vehicles must be specified 
at each phase of the flight. Accurate navigation and guidance 
is important. Throughout its approach flight TRASH-1 will be gaining 
on the target due to OSO-6's greater period. A sequence of simple 
maneuvers brings TRASH-1 to the final rendezvous from a station- keeping 
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position- with 030-6} the final closure end capture sequence can take 
place at any time. This sequence begins with a re^power-up of 
the flood light and camera system. After repowerlng, ground con- 
trollers can guide TRASH-1 within a few foot of 030-6, uoing 
sensors and TV feedback and then carefully maneuver if so that 
It can engulf the arbitrarily spinning OSO-6 and despin and secure 
it. This Is followed by a return to the Shuttle orbit via a standard 
Mohmann transfer. TRASH -I may then enter a dormant state for 
up to three months, awaiting a Shuttle launch for pick up. 

Conclusions 

To achieve a cost-effective method of retrieving low-orbiting 
objects, a remotely controlled, modular spacecraft is recommended. 
Two key aspects of this goal are reusaability and multiple pick- 
up. The TRASH-1 can be launched on a shared flight and retrieved 
as part of a return trip for an Orblter. A unique feature is the 
ability to attach retro (or boost) packs to objects, avoiding handling 
by the Shuttle directly and allowing up to three retrieval operations 
per mission. 
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Abstract 

The long term dynamics and stability of the geosynchronous orbit (GEO) 
and its associated transfer orbit have been analyzed. GEO orbits with 
Inclinations which remain less than 45 degrees are very stable. Although 
the inclination of the orbital plane may vary as much as 15 degrees over 
a period of about 50 years, the orbit altitude will always remain within 
a few hundred Kilometers of geosynchronous altitude. GEO orbits with 
Inclinations greater than 45 degrees exhibit remarkable Instabilities in 
the eccentricity due to gravitational resonance. Over a period of a 
century the eccentricity can reach such a large value that re-entry is 
a possibility. 

The combined effects of the sun . moon . and oblate earth play a signifi- 
cant role in determining the lifetime of a GEO transfer orbit. Depending 
on the initial orientation of the orbital plane with respect to the sun and 
moon, lifetimes may vary from under 6 months to over several hundred years. 
Transfer orbits with inclinations over 4S degrees show strong instabilities 
In the perigee altitude resulting In generally snort lifetimes of less than 
a few years* AH transfer orbits can be designed to decay within one 
year If the Initial perigee altitude Is less than 231 km. However. there 
are restrictions on orbit plane placement and time of year of launch. 
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Introduction 

The NASA Space Transportation System (STS) oilers new economies for 
Placing payloads Into orbit. New opportunities are open to organiza- 
tions tor operating their devices In space. There will be a much wide 
Utilization of space as a resource for applications* 

At the same time, however, the increasing number of satellites will 
Increase the possibilities of collision In space, In the past, most 
satellites were in near earth orbit, where air drag eventually 
removed them from orbit. Now many satellites win be placed Into a 
geosynchronous orblt(GEQ) using some upper stage. Curing the ten year 
period 1980-1990, there are 164 planned GEO missions using the STS 
Space Shuttled) , For each satellite placed into GEO, one or more 
upper stages will be left in the transfer orbit. As time progresses 
the GEO satellites also become non-operatlonal and coast freely 
in GEO space. 

The spent upper stages and non-operatlonal GEO satellites become 
nothing more than hazardous space Junk and the question arises as 
to what should be done about It, Does this Junk represent a true 
collision hazard ana if so are there any effective means for Its 
removal. These end other questions may not be answered without a 
a general knowledge of the long term dynamics of the GEO orbit and 
Its transfer orbit. 

Two studies, one on the lifetimes of the GEO transfer and the 
other on the stability of the GEO, have been carried out to more 
fully understand the long term behaviour. Since it was desirable to 
define the dynamics over some one hundred years, each study found 
It necessary to develop computationally efficient seml-analytical 
techniques to predict the behaviour. The results ot the studies 
may be found In more detail in Graf and Mueller (2) and in MuellerO), 

A brief discussion of the results will be presented here, 
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Lifetimes of the 6SO Transfer orbit 

Du* to the geometry ot the transfer orbit rether small changes in 
the eccentricity can drastically raise or loser perigee. Although 
the sun snd moon gravitational perturbations are small, they can 
•ignlticantly change the perigee altitude and in so doing have 
remondogs detect on the lifetime. Lifetimes range from under 
•»« mantns to several hundred years according to the time of 
year of the l.unchtposltlon of son), the inertl.i orientation 
of the orbital plane and the inclination of the orbit, transfer 
orbits ulth inclinations of over as degrees show remarkable 
instabilities, Figure i shovs the perigee evolution of such an 
Vith the initial inclination of «s degrees, the smooth 
line is the evolution predicted by OSTROB. the semi-analytical 
technique, while the triangle end dots are the actual observations 
» Classy (4). Jt ls the SUn and ,„ oon)not dra5< which actually 
determines the lifetime, orbits below as degrees do not 

exhibit such lnstabllttes but variations of over loo xm in perigee 
altitude is not uncommon. 

A series of parameter scans was c.frlod out to determine lifetime 
as a function of the tree paraneters of the problem. Initial values 
Of the semi-major a.l. end the eccentricity are specified by the 
mission Objectives. It .1,1 be required that the perigee oe near 
the equator because of d.lta-v considerations and that the inclin- 
ation be near JS.a degrees because oe the launch site, the remaining 
parameter, are then the initial longitude ot tn. ascending node and 
the epoch Of the launch, the time ot day „ ,e Une h c .n be related to 
the longitude o, the node while the time of year , f ,. uneh ea „ „ 

related to the right ascension ot the sun. The parameter scans were 

don. by computing « one year trajectories ot tne Cfo transfer 
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satellite, For each trajectory, the m in lmuiv perigee In one year was 
determined. The angular parameter was incremented by io degrees over 
the 360 degree range. Drag was not considered in these scans but it 
Is assumed that if perigee drops below 100km reentry Is expected. 

Figure 2 plots the minimum perigee as a function of the Initial node 
for an initial perigee of 270knu Trajectories were Initialized at four 
different times of year. Ho trajectories fail below the lookm limit 
although a winter trajectory with Initial node of near 200 degrees 
fell over 140 km, xf the Initial perigee is dropped to leSkm then 
a large window of opportunities occur for reentry as seen In Figure 3. 

The time of the year parameter was taken to be the difference 
between the sun's right ascension at launch and the initial node. 

Figure 4 plots the minimum perigee with respect to this parameter, 
for a given initial node of 180 degrees and Initial perigee of 185 
km. opportunities for reentry exist for all times of year for such 
a initial node placement, with the Initial node set to 0 degrees 
the scan snows that reentry opportunities exist when the sun begins 
90 or 270 degrees anead of the Initial node as seen In Figure 5, 

The launch strategy for early upper stage reentry would be to 
select perigee altitude to be moderately low! lis-231km) , if no 
strict mission requirements on the transfer orbit initial node 
exist then select the node to be near 1 eo degrees and launch can 
occur any eime of the year. If constraints require an Initial node 
other than 160 degrees then select the time of year of launch so 
that the sun is 90 or 270 degrees ahead of the constrained node. 
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Stability oe tne Geosyncnronous Orbit 

Th« predominate perturoatlone on GEO ore doe to the ornate earth 
end the gravitational nets ot the eon and roon. For satellites «i c n 
large surface areas relative to their velghts, solar radiation 
Pressure can Be of equal Importance. Although Is three orders 
magnitude smaller than o t . It too can contribute a significant 
perturbation It at the exact resonance elth the rotating earth. All 
perturbations are periodic but, In the case ot the long period 
resonances, the periodic variation may become quite large, since 
solar pressure does not contribute a long period variation and i 
Important only at the exact GEO altitude these terms are neglected 
in the analysis, the equations ot motion have been averaged to 
eliminate the short perlod(dally) and Intermediate periods of the 
sun and moon. This allows for much larger step sleesCone year) when 
numerically Integrating the averaged equations. No long period 
variations occur In the semi-major axis so that any radial 
instabilities will be due to the variations In the eccentricity. 
Several numerical experiments over a broad range of GEO lnxtla! 
conditions were conducted. Geostationary (xero Inclination) orbits 

Show no radial in the eccentricity time history 

of Figure sa. Figure 6 b shows that the Inclination can grow to about 
IS degrees. With the assumption of small Inclination and eccentricity 
Graf (S661 gives a simple analytical solution to the geostationary 
orbit including solar radiation pressure. One can show that the 
eccentricity of such an orbit can never grow larger than 

e < (e 0 t ftA H A/r\ 
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where 


n. - o.oi 2. 
ok • i.n*tq 
/6 ■ /, 

A ■ Cross-sectional Area In square Meters 
m a Mass In Kilograms 
e 0 s initial mean eccentricity 
with e„ e 0,001 and A/M a 0,05 one finds 

w 

e < 0,0024 

which implies that a non-operatlonal geostationary satellite may be 
removed from CEO space for all times simply by placing it a few 
hundred kilometers above or below GEO altitude. 

As the initial inclination increases, the variations in the 
eccentricity become more pronounced. For an initial inclination 
of 45 degrees and an initial node chosen so that the Inclination 
ranges above 4$ degrees, the eccentricity Increases markedly 
as seen in Figure 7a, The inclination history is shown in 
Figure 7b, 

For even higher inclinations the instability becomes quite 
pronounced suggesting a possible means for disposing such a 
satellite, with a slight increase in the eccentricity say to e s . 0.05 
and with the proper initial node, the eccentricity can be forced 
to grow dramatically as seen in Figure 8, in this case reentry is 
predicted within 100 years. This is not conclusive, however , since 
the averaging theory breaks down at very high eccentricities. 
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ULHRIS IN THE GEOSTATIONARY OKB 1 1 KING 
"THE ENDLESS SHOOTING GALLERY" 


THE NECESSITY FOR A DISPOSAL POLICY 


DAVID H. SUDDETH 


PURPOSE OF PAPER 

o NASA IS CONSIDERING ESTABLISHING A POLICY FOR THE LIMITATION OF THE 

PHYSICAL CROWDING OF THE GEOSTATIONARY ORBIT. THIS PAPER WAS REQUESTED BY 
THE DIRECTOR, COMMUNICATION AND DATA SYSTEMS DIVISION, CODE TS, NASA HQ. 

IT IS TO: 

o DEAL ONLY WITH GEOSTATIONARY ALTITUDES 

o ILLUSTRATE THE UNIQUE VALUE AND USEFULNESS OF THE GEOSTATIONARY ORBIT RING 
o DESCRIBE THE ORBITAL DYNAMICS AS SIMPLY AS POSSIBLE 
o DESCRIBE THE CURRENT SPACECRAFT AND DEBRIS SITUATION 
o BRIEFLY REVIEW CURRENT INUUSIKY AND AGENCY POLICIES 
o PROJECT FUTURE TRENDS UF PHYSICAL CROWDING WITH THE PRESENT NON-POLICY 

o PROPOSE SOLUTIONS THAI CAN BE IMPLEMENTED IN THE NEAR FUTURE 
o USE PREVIOUS WORK AS MUCH AS DESIRABLE 
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o THIS IS A SPECIAL, SINGULAR ONE OF ALL THE GEOSYNCHRONOUS ORBITS* 

o ITS EXACT ALTITUDE ABOVE THE EARTH IS 35,787 KM (19/323 NAUTICAL MILES). 

o IT IS EXACTLY CIRCULAR/ OVER EARTH'S EQUATOR. 

o THE ORBITAL PERIOD IS 1,436.2 MINUTES (1 DAY, RELATIVE TO THE STARS). 

o THE VELOCITY OF OBJECTS IN THE ORBIT IS 3,074.8 METERS/SEC (5,977.0 MPH). 

o IT IS PERMANENT. OBJECTS PLACED AT THIS ALTITUDE, ESSENTIALLY STAY THERE. 
THEY DECAY 1 KILOMETER EVERY THOUSAND YEARS. 

o GRAVITY FORCES OF THE EARTH, MUON AND SUN CONTINUOUSLY ACT TO MODULATE THE 
MOTION OF UNCONTROLLED OBJECTS IN THE GEOSTATIONARY ORBIT RING. 

o TO STAY IN THE GEOSTATIONARY RING HEQUIRES CONTINUAL ROCKET CORRECTION OF 
SPACECRAFT POSITION IN BOTH THE EAST-WEST AND THE NORTH-SOUTH DIRECTIONS* 

o THE EAST-WEST ROCKET IMPULSE REQUIRED TO MAINTAIN POSITION IS A MAXIMUM OF 
2*1 METERS/SEC PER YEAR. THE FUEL MASS NEEDED IS 0.07 % TO 0.1 t OF THE 

SPACECRAFT MASS, EACH YEAR. 

o THE NORTH-SOUTH ROCKET IMPULSE REQUIRED TO MAINTAIN POSITION AT THE EQUATOR 
IS ABOUT 53 METERS/SEC PER YEAR. THE FUEL MASS REQUIRED IS ABOUT 1.8 % TO 

2.3 l OF THE SPACECRAFT MASS, EACH YEAR. 
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SPACECRAFT IN CIKCIJLAH ORBIT OVER THE EQUATOR* AT THE EXACT ALTITUDE* MOVE 
AT EXACTLY THE SAME ANGULAR RATE AS THE EARTH BENEATH THEM. 

WHEN VIEWED FROM EARTH THESE SPACECRAFT HAVE NO APPARENT MOTION. 

ANTENNAS ON THE GROUND CAN BE NON-MOVING* SMALL* LOW COST AND HIGH-GAIN. 
THIS ALLOWS MILLIONS OF DIRECT USERS* WHO CAN MT AFFORD TRACKING ANTENNAS- 

ANTENNAS ON THE SPACECRAFT CAN BE NEARLY NON-MOVING* SMALL* LIGHT AND 
EASILY HOLD A TIGHT-FOCUSSED BEAM ON SMALL AREAS OF THE EARTH. 

THIS ORBIT IS UNIQUE. ONLY THIS PARTICULAR CIRCULAR ALTITUDE OVER THE 
EQUATOR HAS THESE CHARACTERISTICS. 

DESPITE THE APPARENT "INFINITY OF SPACE"* THE GEOSTATIONARY RING ITSELF IS 
A STRICTLY LIMITED* VALUABLE TERRITORY ONLY 264,930 KILOMETERS LONG. 

THE GEOSTATIONARY ORBIT RING* ESPECIALLY AT THE STABLE POINTS AT 10/° WEST 
AND 76° EAST LONGITUDE* IS AN UNIQUELY VALUABLE NATURAL RESOURCE. 

IT WILL BECOME UTTERLY WORTHLESS AND UNUSABLE IF FURTHER SERIOUSLY 

LITTERED WITH MOVING TRASH. 




GLJ982 (FIG. 2) 


17 COMMERCIAL COMMUNICATION SPACECRAFT 


o 11 WEATHER-WATCHING SPACECRAFT 


o 1 ORBITING ASTRONOMICAL TELESCOPE 


o m GOVERNMENT AND MILITARY SPACECRAFT <U. S. AND OTHER) 


o 25 RUSSIAN SPACECRAFT 


o TOTAL, 120 (INCLUDING ECCENTRIC ORBITS) 


o CURRENT TRENDS INDICATE THE NUMBER OF OPERATING SPACECRAFT WILI 


o THE ESSENTIAL VALUE OF THESE SPACECRAFT IS INCREASING RAPIDLY: 
CORPORATIONS ARE DEPENDING ON THEM FOR PROCESS CONTROL; 

THE NATION IS DEPENDING ON THEM FOR DEFENSE COMMUNICATION; 
NASA Will BE DEPENDING ON THE TDRSS FOR SPACECRAFT CONTROL. 
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o AN INFINITE VARIETY UF ORBITS CAM ALL BE GEOSYNCHRONOUS. 


a ALL HAVE URBITAL PERIOD OF 1436.2 MINUTES (1 BAY, RELATIVE TO THE STARS) 


a ALL HAVE THE SAME AVERAGE ALTITUDE AS THE GEOSTATIONARY RING. 


a THEY MAY HAVE ANY INCLINATION TO EQUATOR, AND MAY NOT BE CIRCULAR. 


a ALL OBJECTS IN THESE INCLINED ORBITS CROSS THE EQUATOR TWICE EACH DAY WITH 
AN AVERAGE ORBITAL VELOCITY OF 3,075 M/SEC* THEY MAY CROSS AT THE 
GEOSTATIONARY RING ALTITUDE. 


a THE EUUAIURIAL CROSSING FUINT OF AH OBJECT WILL SLOWLY DRIFT CYCLICALLY 
ALONG THE EOUATUR DUE TO UNBALANCED EARTH GRAVITY ATTRACTION. 


a WHEN CORRECTIONAL ROCKET THRUST IS REMOVED FROM ANY SPACECRAFT IN IRE 
GEOSTATIONARY RING, ITS ORBIT WILL IMMEDIATELY BEGIN INCLINING. 


a NX OBJECTS IN THESE ORBITS ARE AS PERMANENT AS IN THE GEOSTATIONARY RING. 


o ROCKET THRUST IS REQUIRED TO REMOVE OBJECTS FROM THIS ALTITUDE. 



o THE EARTHS EQUATOR IS ELLIPTIC BY ABOUT 70 METERS. THE HIGH POINTS OP 
GRAVITY ATTRACTION ARE* 

NEAR 107® WEST, OVER THE PACIFIC OCEAN (SOUTH OF DENVER); 

AND NEAR 76® EAST, OVER THE INDIAN OCEAN (SOUTH OF BOMBAY). 

o ANY OBJECT THAT CROSSES THE EQUATOR AT THESE STABLE POINTS WITH EXACTLY 
AVERAGE GEOSTATIONARY VELOCITY, WILL CONTINUE TO CROSS AT THESE POINTS. 

o ANY OBJECT THAT AVERAGES GEOSYNCHRONOUS VELOCITY WHEN CROSSING THE EQUATOR 

AT A NON-STABLE POINT, TENDS TO BE ATTRACTED BY THE NEAREST STABLE POINT* 

IT WILL CONTINUE TO MUVE ITS EQUATORIAL CROSSINGS SLOWLY ALONG THE EQUATOR, 

IN AN EAST-WEST DIRECTION, OSCILLATING CONSTANTLY ACROSS THE STABLE POINT. 

o IT WILL GO ABOUT TWICE AS MANY DEGREES OF LONGITUDE IN EACH CYCLE OF 
OSCILLATION AS ITS ORIGINAL DISTANCE FROM THE STABLE POINT. 

o THE PERIOD OF EACH OSCILLATION ALONG THE EQUATOR IS 820 DAYS UR MORE. 

o THE OSCILLATION PAST THE STABLE POINT WILL CONTINUE FOREVER, SINCE THERE 
ARE NO DAMPING FORCES TO SLOW OBJECTS IN THIS EAST-WEST OSCILLATION. 




JlUaf MQ^ OKItl JWJSBm (figure 9) 


o THE 6 KAVITAT 1UNAL ATTKACF iON OF THE HQ(JN ANU SUN CHANGES THE INCLINATION OF 
ALL GEOSYNCHRONOUS ORBITS* 

o DUE TO THIS Al'TRACTION, A SPACECRAFT THAT LOSES ITS ROCKET THRUST, UR ANY 
OTHER OBJECT ORIGINALLY IN GEOSYNCHRONOUS EQUATORIAL ORBIT, WILL 

IMMEDIATELY START INCLINATION OF ITS UKB1T AT AN INITIAL RATE OF ABOUT 
0-86° PER YEAR. 


o MAXIMUM INCLINATION OF NEARLY IS 0 WILL BE ACHIEVED IN ABOUT 27 YEARS, THEN 

INCLINATION WILL DECREASE TO ZERO IN ANOTHER 27 YEARS. 

A FULL CYCLE IS 59 YEARS. 

INTERSECTING GEOSTATIONARY RING TWirF rmiv (FIG . 5 , 
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AT LEAST 26 DEAD SPACECRAFT: SYNCOM -1 

-F2, -F3, -FA; 1968 81 -A, -B, -C, -D; 
NATO 1; 1969-13A; NATO 2; 1971-21A; 

SMS 1 ; SYMPHONIC B; 1975-118A; CTS; 


, ‘2, -3; EARLY BIRD; INTELSAT 2 

INTELSAT 3 -F3, -F7; SKYNET A; 
1973-100A, -100B; MOLNYIYA IS; 


0 AT LEAST 25 CENTAUR UPPER STAGES. 


0 AT LEAST 10 EJECTED APOGEE KICK MOTORS THAT ARE NOT TRACKED. 


0 AT LEAST 15 TRANSTAGE UPPER STAGES, SOME OF WHICH MAY HAVE EXPLODED. 

(THE ONLY TRANSTAGE LAUNCHED TO A 700 KH ALTITUDE BLEW UP, PRODUCING 
A65 TRACKABLE PIECES. VERY FEW OF THE PIECES FROM SUCH AN EXPLOSION AT 
GEOSYNCHRONOUS ALTITUDE WOULD BE TRACKABLE.) 


0 95 OF THESE MAJOR ITEMS ARE IN THE WESTERN HEMISPHERE. 

0 THREE YEARS AGO THERE WERE 200 OBJECTS LARGER THAN 1 METER THAT COULD BE 
TRACKED. THERE ARE NOW MORE THAN 900 TRACKABLE OBJECTS. 

THERE ARE ALSU AN ESTIMATED 1600 SMALLER OBJECTS WHICH CANNOT BE TRACKED 
(BASED UN TESTS AT LOWER ALTITUDE). 
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1HE-SCANN1NG OF IEMK IS ACROSS AND ALONG THE RING (figs. 6. 7 AND 8) 


o THE FORCES THAT HAVE BEEN DEFINED CONSTRAIN ALL DEBRIS AT GEOSYNCHRONOUS 
ALTITUDE TO CONTINUE TO SCAN ACROSS AND ALONG THE GEOSTATIONARY RING; 
RANDOMLY, FREQUENTLY, AND ENDLESSLY. 

o AN OBJECT IN GEOSYNCHRONOUS ORBIT CROSSES THE EQUATOR TWICE EACH DAY. 

ITS AVERAGE ORBITAL VELOCITY IS ABOUT 3,C75 M/SEC- 
THE NORTH-SOUTH COMPONENT OF ITS ORBITAL VELOCITY IS: 

107 METERS/SEC, FOR A 2° INCLINATION (208 MILES/HR) 

796 METERS/SEC, FOR A 15° INCLINATION (1,597 MILES/HR) 

1,967 METERS/SEC, FOR A 28-5° INCLINATION (2,852 MILES/HR) 

o PERTURBATIONS OF THE ORBITS OF GEOSYNCHRONOUS DEBRIS CANCEL, IN THE LUNG 
RUN. EVEN THOUGH ALMOST ALL EQUATORIAL CROSSINGS ARE NOT THROUGH THE 
GEOSTATIONARY URBIT RING; THE STATISTICS TEND TO MAXIMIZE EQUATORIAL 
CROSSINGS AT THAT ALTITUDE. 

o THE EQUATORIAL CROSSING POINTS OF GEOSYNCHRONOUS DEBRIS DRIFT SLOWLY; 
EAST, WEST, THEN EAST AGAIN, CROSSING AT A DIFFERENT POINT EACH TIME- 

o COLLISION WILL OCCUR IF DEBRIS AND AN OPERATING GEOSTATIONARY SPACECRAFT 
INTERSECT AT THE SAME ALTITUDE. 

o THE WRECKAGE OF THE COLLISION PRODUCES MANY MORE DEBRIS PARTICLES, WHICH 
WILL THEN ALSO INTERSECT THE GEOSTATIONARY RING. 


o IN EFFECT, THE DEBRIS MAKES THE ORBIT RING AN ENDLESS SHOOTING GALLERY. 


* 
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MJMIQES AND EFFECTS UF COLLISION 

SOURCE; DONALD KESSLER OF NASA/JSC 


o RIGHT NOW, THE CHANCES OF COLLISION BETWEEN ANY TWO OBJECTS IN 

GEOSYNCHRONOUS ORBIT IS CALCULATED TO BE 0-002 l (20 IN A MILLION) PER YEAR- 

o AT THE CURRENT RATE OF INCREASE OF OBJECTS IN GEOSYNCHRONOUS ORBIT, 

THE CHANCES OF COLLISION THERE ARE ABOUT 4 % IN THE NEXT 10 YEARS- 
IN THE YEAR 2000 IT WILL BE 5 % PER YEAR- 

o NUKAU IS NOT TRACKING SYNCHRONOUS ORBITING OBJECTS SMALLER THAN 1 METER OR 

PLACED PRIOR TO 1970- THERE ARE 5 OR MORE OBJECTS IN GEOSYNCHRONOUS ORBIT 
FOR EVERY ONE THAT IS TRACKED- 

o EACH COLLISION WILL PRODUCE DEBRIS THAT WILL ENTER NEW, UNPREDICTABLE 
ORBITS AND WILL PRODUCE FURTHER COLLISIONS. 

o 3 MILLION PARTICLES LARGER THAN 1 MM AND 14,000 PARTICLES LARGER THAN 1 CM 
CAN BE PRODUCED BY A COLLISION WITH A MAJOR OBJECT. 

THESE NEW PARTICLES WILL THEN PRODUCE MOKE COLLISIONS- 

o A 1 M OBJECT IN A 15° INCLINED ORBIT CAN HIT AN OBJECT IN GEOSTATIONARY 
ORBIT AT 800 METERS PER SECOND (THE SPEED UF A RIFLE BULLET). 

THIS PRODUCES ENOUGH FORCE TO VAPORIZE A HOLE THROUGH MORE THAN 1 CM OF 
ALUMINUM OR 1/8 INCH UF STEEL- 
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o THE WHITTEN POLICY OF THE INTELSAT BOARD OF GOVERNORS NOW IS: 

"DESYNCHRONIZE UNUSABLE SPACECRAFT UPWARD, AO TO 50 KM." 

o THE WRITTEN POLICY OF NOAA'S NATIONAL ENVIRONMENTAL SATELLITE SERVICE IS: 
"DESYNCHRONIZES UPWARD AT LEAST 300 KM." 

o RUSSIA DUES NOT CIKlsULARLY DESYNCHRONIZE, BUT HAS FIRED TO PRODUCE LARGE 
ECCENTRICITY, WHICH REDUCES THE CHANCES OF CROSSING ON THE RING. 

o THE AIR FORCE SPACE COMMAND POLICY IS TO CONSIDER REMOVAL TO SAFE POSITION. 

o SEVERAL GROUPS CONTACTED PREVIOUSLY HAD NOT EVEN CONSIDERED REMOVAL. 

THEY FELT i€RE TURNOFF IS ADEQUATE. 

0 THE GEOSYNCHRONOUS EQUATORIAL ORBIT IS "CROWDED" NEAR 107° WEST, AND WILL 

BECOME MORE SO. SOME GROUPS PLAN TO OPERATE THERE. OTHERS PLAN TO DUMP 
THEIR UNUSABLE SPACECRAFT THERE. 

o THOSE WITH LEAST OPERATIONAL EXPERIENCE TEND TO TAKE A "WHAT? ME WORRY!" 

ATTITUDE. THOSE WITH THE MOST EXPERIENCE ARE CONCERNED ABOUT THE COLLISION 
PROBABILITIES AND HAVE ADOPTED POLICIES TO DESYNCHRONIZE UPWARD. 




o THERE AKE OVER AGO OBJECTS INTERSECTING THE GEOSTATIONARY KING AND THE 
NUMBER IS GROWING RAPIDLY. 

o THE GEOSTATIONARY ORBIT RING IS AN UNIQUE, VALUABLE TERRITORY. 

o GEOSYNCHRONOUS ORBIT OCCURS AROUND THE EARTH AT 35,787 KILOMETERS AVERAGE 
ALTITUDE. A GEOSYNCHRONOUS OBJECT CAN HAVE ANY INCLINATION AND WILL CROSS 

A PARTICOLAR EQUATORIAL POINT TWICE EACH DAY. 

o THIS CROSSING POINT MOVES SLOWLY AND CONTINUOUSLY ALONG THE EQUITORIAL 
RING, PRODUCING CONCENTRATED COLLISION HAZARD. 

o FOR ANY OBJECT IN INCLINED ORBIT, THE NORTH-SOUTH COMPONENT IF VELOCITY AT 
EQUATORIAL CROSSING IS HIGH AND DANGEROUS TO GEOSTATIONARY SPACECRAFT 

o SAFE AND ADEQUATE DESYNCHRONIZATION CAN BE DONE BY CHANGING SPACECRAFT 
ALTITUDE UPWARD 100 KM OR MORE. THIS CAN BE ACHIEVED WITH FUEL EQUAL TO 

LESS THAN 0.2 % OF SPACECRAFT MASS,* A 1-MONTH AMOUNT OF EAST-WEST FUEL. 

o DEORBITING TO EARTH IS NOT REQUIRED. THIS WOULD REQUIRE A FUEL AMOUNT 
NEARLY 50 PERCENT OF THE REMAINING SPACECRAFT MASS. 

o SINCE COMMERCIAL PRESSURES REQUIRE EACH COMMERCIAL USER TO REMAIN IN 

GEOSYNCHRONOUS ORBIT AS LUNG AS POSSIBLE, TO SQUEEZE THE LAST DROP OF 
REVENUE OUT OF THE FUEL TANKS, THEY ARE RELUCTANT TO DESYNCHRONIZE, 

UNLESS A RULE FORCES THEM TO. 
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DUE TU THE COLLISION HA2AKD, NASA POLICY SHOULD BE: 


REQUIRED TO INSERT A SPACECRAFT INTO SYNCHRONOUS 
ORBir, MUST BE DONE BY A PROPULSION SYSTEM THAT REMAINS ATTACHED TO THE 
SPACECRAFT. 


2 # m 0BJECTS SHALL K PLEASED INTO SYNCHRONOUS ORBIT FROM SPACECRAFT. 
t T STS^,^ff 0N0US SPflCECRAFT AS FAR AS POSSIBLE AT THE END 

OF their useful life, fuel mist be retainer fur this purpose. 

R. MOVEMENT INTO A HIGHER (WESTWARD DRIFTING) ORBIT SHALL BE USED IF 
POSSIBLE, TO AVUID COMMUNICATION INTERRUPTION AND IMPEDING LATER ARRIVALS. 

* G0VEIMIEWT AL AGREEMENT REQUIRING fll GEOSYNCHRONOUS 
ORBIT USERS '« DESYNCHRONIZE BEFORE THEIR FUEL RUNS (JUT? 


6. NASA AND THE U. S. SHOULD STRIVE TO ESTABLISH A WORI II-WIIF Pm irv mu 
REMOVAL, BINDING ON ALL USERS (JF THE GE m X. “ 

/• ULTIMATELY, NASA SHOULD PLAN AND CARRY OUT A PRUCEDURE FOR CLEARING 
DEAD SPACECRAFI AND DEBRIS FROM 1HE GEOSYNCHRUNUUS ORBIT. 
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GEOSTATIONARY ORBIT RING 





• 35. 787 Km AiOVE THE EARTH 

• DRAWING IS TO SCAlI 

• ALTITUDE DECAY IS 1 Km PER 1, 000 YEARS 

• ORBITAL VELOCITY 3,074.5 (Wise 

• CIRCULAR, OVER EQUATOR 

• ORBIT PERIOD: I, 436.2 MINUTES I l SIDERIAL DAY I 

• SPACECRAFT MOVES EXACTLY AT EARTH'S 

ANGULAR ROTATION RATE 



/ 

• V„ HORIZONAL VELOCITY FROM EARTH TO TRANSFER 

1 TO GEOSTATIONARY ALTITUOE ■ 10.255 ffWsei 

• V, VELOCITY FROM BOOST ROCKET TO INSERT INTO 

GEOSTATIONARY ORBIT -1,826 m/s6c. 
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51 OPERATING SPACECRAFT, 

1982 WESTERN HEMISPHERE POSITIONS 
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BEGINNING OF YEAR 
Figure 5 


1-YEAR PATH OF EQUATOR CROSSINGS (Schematic) 
4 of 45 UNCONTROLLABLE MAJOR OBJECTS (1982) 
“THE SHOOTERS' 





in ■ 


730 x 45 = 32,650 "Shot*" PER YEARl 
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Ihp presence or man-made debris in orbit about the earih 
presems a hazard to spacecraft operating In that environment. 
I he level of hazard to a given spacecraft depends on the size 
or the spacecraft, the number and size of debris fragments in 
" ,1 ^Pernilnfl environment, and (he length of time the 
spacecraft remains on orbit, Efforts to provide a definitive 
assessment of this problem have been directed toward 
analysing the tuisard level presented by particular debris 
populations and predicting how this hazard level will change 
with time. Much less effort has been directed toward satellite 
design and strategies to minimize the short»term and long- 
term effects of debris deposition. 8 

A key aspect of the on-orbit debris hazard Is that It Is self- 
perpetuating. This arises from three factors: (I) a single 
spacecraft launch cun be responsible for a multitude of 
Hazardous objects in space; (2) orbital debris tends to disperse 
randomly, producing high Intersection velocities and maklna 

tn<l »> »'>!“'■ accumulate ,J 
earth orbit rather than passing through the near earth space in 
the wanner of meteoroids. Impact protection may not be 
reasible in mo:t cases because of the likelihood of very hinh 
approach velocities and the fact that certain protuberances, 
especially those of relatively large area such as solar arrays 
and antennae, cannot easily be permanently shielded. Evasive 
maneuvering techniques may reduce the present probability of 
collision for Specific satellites in certain circumstances, but do 
not provide a practical long-term solution. 

The only natural mechanism opposing debris buildup is 
r moval by atmospheric drag. However, this process can take 
a very ong time, especially from high altitudes, and causes 

Itt~h» SJL " ,8ra i! e . rrom . h,8hcr 10 ,ower ahiiudes. Another 
mechanism, collection by a spacecraft ("orbital garbaae 

truck ) would be extremely difficult and expense! 

Prevention of debris formation is the most effective an- 
proach. K 

At the present time, the collision hazard is real but not 
severe. However, continuation or present policies and 
practices ensures that the probability of collision will even- 
tually reach unacceptable levels, perhaps within a decade. 
Future problems can be forestalled by initiating studies and 
implementing their results in five major areas: (I) education. 

mSrr«° 8y n (J) Sa ‘ elli,e and VChic,e desien * (4) operational 
procedures and practices, and (5) national and international 
space policies and treaties. 

There is presently no coordinated national or international 
concern for space use management. The National Aeronautics 
and Space Administration (NASA), the Department or 
Defense (DoD), and other organizations using the near-earth 
space environment should perform a combined and detailed 
evaluation of debris control, including both design and 
operationspractices and policies. In addition, a dialog should 
be initiated as > soon as possible to involve other countries and 
the United Nations in developing practical design and 
operating standards and regulatory policies. The impact of 
program and policy decisions relevant to the deposition or ob- 
jects m orbit should be understood by all space users for both 
immediate and future space operations. 


INTRODUCTION 


Although the natural meteoroid environment has been 
considered In the designs of past and existing spacecraft 
future satellite designs may have to take aeeoum of space 
debris in addition WMhe natural environment, 

Man-made spaee debris differs from natural meteoroids 
because It Is In permanent earth orbit during its lifetime and Is 
not transient through the regions of Interest, As a con- 
sequence, a given mass of maiefial presents a greater problem 
In the design and operation of spaeeeraft because of the ex. 
tended time period Over which 'here is a collision risk. 

Past design practices one deliberate and inadvertent ex- 
plosions In space have created a significant debris population 
In operationally important orbits The debris consists of spent 
spacecraft and roeket stages, separation devices, and ex- 
plosion products. Mueh of this debris is resident at altitudes 
of considerable operational Interest. Products larger than 10 
cm in lew orbits can be observed directly. The existence of a 
substantially larger population of small fragments can be 
inferred from terrestrial tests in which the particle 
distributions from explosions have been assayed. From these 
tests it is reasonable to infer small particle nuu Aers, of the 
order of 10 thousand for eaeli low-imcnslty explosion and 10 
million for high-intensity explosions. 

Two types of space debris are of coueet « «) targe objects 
whose population, while «mi;l in a? ;«h •• scrim, is large 
relative to the popula iot- < -nilar mass*: 4 ,n the nafora! flu- 
(by a faetm oi abbot iCk and ( 2 ) u larger number of small*, 
objects — ore size distribution approximates natural 
meteoroid: The interaction of these two classes of objects 
combined with their long residual times in orbit, leads to the 
forther concern that inevitably there will be collisions 
producing additional fragments and causing the total 
population to grow rapidly, 


PROBLEM DEFINITION 


The space debris population consists mostly of explosion 
fragments, but also includes operating and expended 
satellites; mission-related objects such as shrouds, clamps 
and separation components; and spent propulsive elements. 1 
The larger or these can be tracked by the North American 
Aerospace Defense Command (NORAD), but the smaller 
ones cannot. In addition to the problem of future orbit 
prediction, those objects that can be tracked are difficult to 
track with the precision required to prevent collisions. 

Analysis has identified three areas of concern: (I) the 
hazard from the tracked population, (2) the hazard ftom the 
umracked population, and (3) the hazard from the foture 
population. These arc manifested in both low earth orbit 
(below 2000 km) and geostationary orbit . 

Tracked Population 


NORAD is presently tracking more than 5000 objects in 
space. Most appear to be larger than about 10 cm in diameter, 
are In low earth orbit, and originate from explosions - cither 
U.S. spent Delta stages or USSR aiiii-satcllitc tests. Over the 
last 10 yrs this population has grown at a rate of about 10% 
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Source: Adapted From: Chobotov. V. A.. “Collision Hazard In Space." The Aerospace Corporation Report 
TR 008 1 (6790)- 1, February 1981 


FIG. I Observed Space Object Density vs. Altitude 


per year. Figure I shows how the average number density of 
objects varies with altitude for the observed (tracked) 
population of objects. The greatest concentration is between 
altitudes of 500 km and 1100 km. Maximum density occurs 
near 850 km. Figure 2 provides a graphical representation of 
the hazard levels presented by tracked debris for several 
altitudes. This hazard is characterized by the expected time 


between collisions (ETBC), which is inversely proportional to 
the spatial density given in Figure I, and depends on the size 
of the object and the altitude at which it is operating. The sizes 
of typical spacecraft, actual as well as projected, are also 
indicated in Figure 2. 

The probability of collision for the space shuttle orbiter is 
only 4 x 10 6 for a typical 7-day flight. However, the probabil- 



Source: Adapted from: Reynolds. Robert C.. and Donald S. Edgecombe, “Status or the On-Orbit Debris 
Problem for Spacecraft In Low Earth Orbit." Batlelle Briefing Notes, t J February 1981 


Fit;. 2 Time Between Colllsons as a Function of Collision Cross-SeHlon and Altitude for the Current Tracked 
Debris Population 




Source: Kessler, D. J. t “Sources of Orbital Debris and the Projected Environment for Future Spacecraft." 
Presented at AIAA International Meeting and Technology Display. AIAA*80-0vS55, 6-8 May 1980 


H(o. 3 lime Between Collisions as a Function Of Collision Cross-Section and Altitude for the Current 
Background Debris Population Larger than 4 cm 


ily of collision lor a large 50-m diameter spacecraft in one 
year is about 0.001 at 500 km and 0.00J at 850km. For geosta- 
tionary satellites, the probabilities of collision with other 
tracked objects in one year are between 2 x 10 and 2 x 10 5 . 
However, only objects larger than approximately l m diam- 
eter are detected at this altitude, and the numbers may ac- 
luaily be greater. 

Planned spacecraft cover many orders of magnitude in size; 
debris densities vary by several orders of magnitude. The 
results in ETBCs will vary from days to millions of years. 
Although at present the shuttle orbiter and smaller spacecraft 
at 850 km and below do not face a significant collision 
problem, future large-area spacecraft at these altitudes could 
be seriously endangered. 

Un tracked Population 

An untrackcd population of objects is known to exist 
because (I) more than 60 explosions have occurred in space, 
undoubtedly producing many objects too small to be Ducked; 
and (2) objects apparently as small as 4 cm in diameter afe 
frequently detected just prior to reentry. Objects or this size, 
not detectable at higher altitudes, can be detected when their 
orbits decay to about 400 km, just before reentry. Based on 
the observed number of these objects at 400 km and the size 
distribution characteristics of particles generated in low* 
intensity explosions on the ground, collision probabilities can 


be estimated. The collision probability of a 50-m diameter 
spacecraft with the 4-cm and larger population in one year is 
estimated to be 0.007 at 500 km and 0.016 at 850 km. Those 
rates are characterized in Figure .1 by showing the ETIIC as a 
function of spacecraft cross-section. The probabilities of 
collision arc surely higher from fragments smaller than 4 cm, 
but the data which exist are inadequate to support definitive 
estimates. 

Puture Population 

If past trends continue, the number of tracked objects in 
space is predicted to increase by a factor of 2 to 8 (depending 
on the rate of future explosions) within the next 20 years, 
significantly increasing the probabilities of collision. Fur- 
thermore, there may be sufficient objects in space so that 
collisions could be expected between nou opcrational objects 
in low earth orbit. Just one of these collisions could produce 
1.4 x I0 4 particles larger than I cm, and .V5 \ io* particles 
larger than I mm A I -cm object in low eaith orbit could 
penetrate a 5-em thickness of solid aluminum. The collision 
frequency between a 50-m diameter spacecraft and the I -cm 
population in the year 1995 could be about O.OJVyr at 5(H) km 
and 0.25/yr at 850 km. The increased number of small frag- 
ments could significantly reduce the reliability of even small 
structures. In addition, this high frequency of collision will 
propagate an irreveistble growth in fragment population. For 
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Source.' Based oh Data Front: Kessler, D. J. and U. C. Cour-Palais, "Collision Frequency of Artificial 
Satellites: The Creation of a Debris licit,'* J. Geophysical Res., Vol. 83. No. A6. I June 1978. and Kessler, I). 
J., •‘Sources of Orbital Debris and the Projected Environment lor future Spacecraft." Presented at AIAA 
International Meeting and Technology Display. AIAA-80-0855. 6*8 May 1980 

FIG. 4 Time Between Collisions us a Function of Collision Cross-Section and Altitude for the Projected Debris 
Populations turgor Ilian I chi in the Year 1995. 



Source: Based on Data Irom: Kessler. D. J. and 15. G. Cour-Palais, "Collision Frequency of Artificial 
Saielliies: The Creation of a Debris Hell,*' J. Geophysical Res.. Vol. 83. No. A6, I June 1978. and Kessler, I). 
J.. “Sources of Orbital Debris and the Projected Environment for Future Spacecralt," Presented at AIAA 
International Meeting and Technology Display. AIAA-80-0855, 6*8 May 1980 
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illustration, t lie liTUCs from debris equal to or larger than I 
cm and | mm in diameter are shown in Figures 4 and S, 
respectively, lor the year 1995. 

Periodically over the course of the solar sunspot eleven- 
year cycle, the earth’s atmosphere is excited and rises 
significantly above its median altitude, During these periods, 
drag effects cause particles to migrate to lower altitudes. 
Eventually such a process is cleansing, but it is extremely Slow 
and is inadequate to deal with past or present rates of debris 
generation. 


WHAT IS IIEING DONE? 


There is at present no strong national or international 
concern for space debris management, although individual 
investigators are studying the problem and operational 
satellite program offices have expressed concern about the 
safety of their own satellites. Questions on the subject have 
been posed by the State Department, the United Nations, the 
National Aeronautics and Space Administration (NASA), the 
Office of the Under Secretary of Defense Tor Research and 
Engineering, and representatives of a number of foreign 
countries. However, there is no central organization to 
coordinate and implement the actions which may be required. 
In general, reclamation or disposal of space objects is not 
perceived by the user community as being economical or even 
important. For this reason, there is a tendency to view the 
collision problem only as it impacts the economic loss Of a 
specific satellite or in terms of the legal liability of the 
responsible agency. The issue of space debris control needs to 
be dealt with not in this parochial fashion, but as a common 
problem shared by all space users. 

Funded work is being carried out by the NASA Johnson 
Space Center (NASA/JSC), the U.S. Air Force Space 
Division. The Aerospace Corporation, Battellc Columbus 
Laboratories, and the European Space Agency. Studies arc 
continuing to better define and predict the threat of collision. 
Devices to track smaller objects and to improve the accuracy 
of tracking are being tested. NASA/JSC is attempting to 
evaluate the magnitude of the problem and the effectiveness 
or various methods to minimize the propagation of debris. 
Operational procedures arc being modified to reduce the 
probability of collision, and the probability of collision is 
being considered in selecting orbital parameters for new 
satellites. The problem of space debris has already been 
shown to be controllable to some degree when sound planning 
decisions arc made. 


WIIAI SHOULD HE DONE? 


Before any potential ‘‘solutions’’ become policy, ii is ex- 
tremely important to understand fully (he problems generated 
by orbital debris, the alternatives lor debris control, and the 
effectiveness of the proposed controls. Consequently, it is 
imperative that the formal and informal interchange of in- 
formation at all levels (national and international) begin 


immediately, with the ultimate goal of forming a central 
group to coordinate and encourage research and to recom- 
mend policy. Some ol the fundamental policy and procedural 
— questions that need to he addressed arc: 

• Should a policy he adopted that requires all spacecraft Ip 
be boosted out of geostationary orbit at the end of useful Ilf el 
This would alleviate a specific, very important problem, 

• Should a policy be adopted to regulate which objects may 
be left in long-life orbits' I The reduction in hazard implied by 
the adoption of this type of policy will have to be traded off 
against the penalty in deliverable payload. On-orbit debris 
modeling will provide a quantitative assessment of such a 
policy. Unless this question is addressed, eertain regions in the 
near-earth environment may become unusable. 

• // the on-orbit debris hazard becomes significant, will the 
use of collision avoidance systems relieve the problem? The 
velocity of a Spacecraft relative to the debris objects will 
typically be On the order of 10 km/sec. Hence, objects which 
are quite small (and which will be the most numerous) may 
cause considerable damage if a collision occurs. The small size 
of these objects will probably require sophisticated detection 
equipment on the spacecraft. The added mass for the 
detection system and propellant needed to perform the evasive 
maneuvers will reduce useful payload. 

• If the on-orbit debris hazard becomes significant, will the 
employment of impact protection ( bumpers ) relieve the 
problem ? The major considerations in answering this 
question come from the field of fracture mechanics under 
hypervelocity impact conditions. Bumpers will have to be able 
to stop particles moving at velocities on the order of 10 
km/scc, while themselves producing a minimum number of 
debris particles. Although bumpers of any size will reduce the 
useful payload that can be carried, decisions on the maximum 
particle size to be protected against and the parts of the 
spacecraft which arc critical and must be protected (and. 
therefore, on the amount of bumper material required) will be 
guided by a definitive knowledge or the debris population and 
its kinematic properties. 

° What are the implications of anti-satellite operations ? 
There are several military space activities which leave debris in 
orbit. The consequences of such actions must be understood 
before they are undertaken, and even ir such actions are 
essential to national security, they should be carried out with a 
clear understanding of the consequences. An analysis of the 
debris production will hot only provide information on the 
short-term and long-term effects, but also suggest strategies 

and procedures for minimizing their impact. 

Comprehensive documents should be produced which 
specify operational and procedural techniques for minimizing 
debris in critical areas. In the long term, the issue must be 
faced cooperatively by all space users, and international 
agreements should be drawn up to ban or restrict to low orbit 
the explosion or satellites. In the interim, the United States 
space community should immediately institute a program lor 
evaluating actions to minimize the collision problem for all 
users. Consideration should be given to: 

• Education 

—Education of the total spacc-uscr community on the 
critical nature of the problem 
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— Education of space system designers on the need for 
litief’frcc systems 

• Technology 

—Advanced ground and spacc'bascd detection techniques 
—Comprehensive models of the earth^paee environment 
— Design and operation of a debris monitoring system 
Design and operation of a debris collection system 

• Space Vehicle Design 
—Utter-toe systems 

—Space system disposal by (I) retrieval, (2) earth reentry, 
(J) earth escape, and (4) transfer to selected "dump" regions 
or less- frequented orbits 

—Addition of Shielding to enhance survival afttV collisions 
with small debris 

— Rocket designs which limit the likelihood of accidental 
explosions 

—Designs that decentralize or minimize critically sensitive 
areas 

• Operational Procedures and Practices 
—Safe spacing of satellites 

—Avoidance of crowding specific orbit locations 
—Limitation of explosions to low altitudes so that 
fragments reenter quickly 

—Planning of launch trajectories for early reentry of spent 
rocket stages and dead payloads 

• Space Policies and Treaties 

— Identification within each agency of responsible groups 
for recommending and implementing required actions 
—initiation of conferences at the international level to 
develop policy and agreements 
—Identification of national and international groups 
responsible for coordinating research, establishing standards 
and policy, and enforcing agreements 


CONCLUSIONS AND UKCOMMKNDATIONS 


The AIAA believes that the space debris issue is real, that 
action to resolve it is imperative, and (hat no Obvious, smv 
plifiiic resolution is evident, The AIAA position can be 
summarized as follows: 

• At the present time, the collision hazard posed by space 
debris is real but not severe. However, continuation cd* present 
design and operational practices end procedures ensures that 
the probability of-eollision will increase and will eventually 
reach unacceptable levels, perhaps within a decade. 

• The space debris issue should be faced by all space users, 
and coordinated action should be taken Immediately if the 
future use of space is not to be seriously restricted. 

• Design to tolerate debris impact (bumpers) or to provide 
evasive capability may provide a measure of protection to 
particular satellites, but the most effective approach is to 
eliminate the heed for such action by constraining the 
generation of further debris. 

• The space debris problem can be forestalled by immediate 
action in five major areas: 

—Education 

—Technology 

—Space vehicle design 

—Operational procedures and practices 

—National and international space policies and treaties. 

• There is an immediate need for art international dialog to 
be initiated on the space debris issue, with the goal of forming 
responsible groups to coordinate research and recommend 
policy. 

• Corrective action must begin now to forestall the 
development of a serious problem in the future. 
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THE I NTERNAXI QNAL ENVIRONMENT 
UN IS PACE [ 82 AND THE IT U 

DEAN QLMSTEAD 

A Relationship Between Orbit-Spectrum 
Resource Allocation and Orbital Debris 


The ev .s which take place at UNISPACE ’82 (beginning 8/9/82) 
will influence the International Telecommunications Union 
Plenipotentiary Conference activities (beginning 9/28/82), which 
in turn determines the framework for discussions at the 1985-87 
Space Services World Administrative Radio Conference (WARC). The 
1985 Space WARC will examine and potentially modify the current 
geostationary orbit-spectrum resource allocation methodology. 
Discussions in this international political environment could 
likely associate the geostationary orbital debris issue with 
the politicized issue of orbit-spectrum allocation. 
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NASA's PARTICIPATION IN THE ITU 

NASA's participation In the ITU Is largely focused on the 
Plenipotentiary Conferences, the World Administrative Radio 
Conferences (WARC), the international Consultative Committee for 
Radio (CCIR), and the CCIR Study Groups. 

The Plenipotentiary Conference has the authority to amend the 
guiding document of the ITU. The last conference was in 1973, 
the next will begin September 28, 1982. 

The WARC's have the authority to amend parts or all, depending 
on the scope of the conference, of the Radio Regulations which 
contain the allocations of frequencies to the different services. 

In the two-session 1985-87 Space Services WARC, the ITU will 
consider the method of allocating the orbit-spectrum resource, 
to the services and countries which utilize the geostationary orbit 

The CCIR and its study groups provide the technical basis for the 
decisions made in the above mentioned conferences. The U.S. has 
an organization which parallels the CCIR in structure, and NASA 
provides strong support including several study group chairmen. 


THE ITU WITHIN THE UN SYSTEM 

The International Telecommunications Union (ITU) is the 
autonomous specialized agency within the United Nations system, 
with the responsibility of promoting international cooperation 
in the use of telecommunications. With its predecessor dating 
back to 1865, the ITU is the oldest of the international 
organizations . 
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UNISPACE '02 AND THE ITU 


The United Nations Conference on the Exploration and Peaceful 
Use of Outer Space (UNISPACE '82) la the second such conference, 
the first being In 1968. NASA's Administrator will head the 
U.S. delegation to the UNISPACE Conference. 

The ITU and UNISPACE '82 are formally related within the UN system; 
however, UNISPACE '82 Is much less structured and will be much 
more political than ITU conferences. 


ITU AND UNISPACE 
RELATIONSHIP 


GENERAL ASSEMBLY 


SECRETARIAT 


OUTER SPACE AFFAIRS 
DIVISION 


STANDING COMMITTEES 


ECONOMIC AND 
SOCIAL COUNCIL 



AUTONOMOUS, 
SPECIALIZED AGENCIES 


COMMITTEE ON PEACEFUL 
USES OF OUTER SPACE 
ICOPUOSI 


INTERNATION 
TELECOMMUNICATIONS 
UNION 
tITUt 


OBSERVER STATUS 


UNISPACE '82 CONFERENCE 






FUTURE RADIO CONFERENCES 


UNISPACE '02 will have no formal impact on Che ITU, hue Che 
activities during, and Che outputs of, the Conference will 
influence the international political environment and may 
prejudge ITU conferences on several important issues. Many 
of the participants at the conferences will be the same, and 
positions that are formed at UNISPACE '82 will carry over to 
the ITU Plenipotentiary Conference, which will in turn 
influence the 1985 Space Services WARC. 


FUTURE RADIO CONFERENCES 
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ORBITAL DEBRIS IN THE UNISPACE '82 CONTEXT 


The orbital debris issue is likely to arise in discussions 
regarding the following two topic areas within the UNISPACE '82 
context: 

A number of lesser developed countries (LDC's) have pushed for 
language in the UNI SPACE '82 document which calls on the "space" 
utilizing countries to vacate the orbit-spectrum that is used 
for fixed point-to-point satellite communications (e.g., telephone) 
or to at least reserve portions for the LDC's future use. There 
is a perception on the LDC's part that crowding in the preferred 
orbital locations and frequency bands will preclude their use by 
LDC's when they are ready. The LDC's claim they have a right to 
exploit these resources just as the developed countries have 
done and that developed countries can afford to move into the 
more expensive technologies (e.g. 30/20 GHz and inclined orbits). 
Orbital debris will arise in this context because it is seen 
as another element of the crowding problem, making the use of 
the preferred orbit-spectrum more difficult. 

More directly, concern exists over the possible degradation of 
the spece environment. This includes launch vehicle emissions* 
experimentation, electromagnetic effects and orbital debris. 

Though focused on the near earth orbital space, reference is 
made to the possibility of collisions in the geostationary orbit. 


ORBITAL DEBRIS IN THE ITU CONTEXT 

It is expected that the orbital debris issue will come up within 
the ITU context in relation to the orbit-spectrum allocation issue. 
An example of this relationship is an article in the New Delhi 
PATRIOT (in English, April 1* 1982, page 4) which states that 
"India is for making the removal of "spent" satellites from 
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parking slots mandatory.* In the same article it is also put 
forth that "India i g . therefore, seeking revision of the present 
allocation methodology, making the present and future needs of a 
country an essential criterion in a now dispensation, rather than 
the present method which only accounts for a country s ability 
to occupy a slot in the G§0«" 

The linkage of these two issues (erbit-speetrum access and 
orbital debris), though technically not related, is Inevitable 
over the long term as LDC's search for leverage to achieve 
guaranteed access to the orbit-spectrum resource. This linkage 
adds a political element to the GSO component of the orbital 
debris Issue which sets it apart from the near-earth orbit 
considerations. 

A U.S. STATEMENT AT UNISPACE '82 

Of the 155 countries that are members of the ITU, most are LDC's 
whose perspectives on the orbit-spectrum access issue do not 
|:‘ | parallel the U.S.’s perspective. Therefore, given the positive 

$ I nature of current U.S. action on the orbital debris issue 

4 r ; (de-orbiting satellites when practical and funding programs to 

better understand the problem) the U.S. will make a statement 
at UNISPACE '82 which underscores U.S. concern for future users 
of the geostationary orbit. All orbit-spectrum resource crowding 
problems can be alleviated through the development and application 
of technology, and taking action to preserve the usability of the 
geostationary orbit is a concrete example. 

FOR THE FUTURE 

The geostationary orbital debris Issue Is receiving growing 
attention in international fora. Thus, there is a need for the 

U.S. to continue funding research examining options for dealing 
with orbital debris and Improving the understanding of the 

implications of implementing those options, so that the U.S. 
will be ready by the 1985 Space Services WARC to propose 
positive actions which indicate U.S. consideration for the 
future users of the geostationary orbit. 
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TRANSMISSION AND ORBITAL CONSTRAINTS IN SPACE-RELATED PROGRAMS- 

briefing summary 
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. I . INTRODUCTIO N 

The United States Air Force has a leadership role in the 
development and operation of space systems for the Department of j 

Defense. Planning for future spaeo-relatcd programs needs to include 
anticipated growth in number of space systems, including ground ; 

networks, large multifunction satellites, increased data-transmission ' *1 

Hi 

rates* and effects on future requirements for spectrum allocations and 
orbital positions. 

\ 

A study project,* sponsored by the Air Force, was initiated to \ 

develop a capability for predicting and analyzing the spectrum/orbital 1 

-Sj 

geometry requirements of current and projected U.S. and international *; 

1 i 

space-related systems. Essential components of the project include I 

5 

development of a comprehensive space environment data base and computer t 

analysis programs. This capability will provide a resource for 

evaluating engineering and architectural designs, identifying and f 

analyzing the impact of intentional and unintentional electromagnetic j; 

(KM"* interference, and predicting probable saturation conditions in 
spectrum usage end sate 1 1 itc/orbita l positions. Assessments of means 
for accommodating the anticipated growth are also an important part of 

the study project. j 

(■ 

The Directorate of Space Systems and Command, Control, 

Communications (AF/RDS), Headquarters, United States Air Force is ; 

providing support for this project within the Air Force through the 

" ^ * c u . r *' Brewer, Trans in i ss ion and Orbital Con- 

gjwip - Re L«ted Program s : Project Descr ipt ion , The Rnnd Cor - 

porotion, N-1536-AF, August 1980. I 
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Program Management Directive (PHD) of the Advanced Sp Aee Communication 
Program (PE634431F). AF/RDS is the Office of Primary Responsibility 
(OPR) for the Rand effort and will assist in requesting the support and 
participation of other DoD organizations, the FCC, NASA, NTIA, and 
space-related industries. Rand's work will be coordinated with these 
agencies. The project will be structured for a continuing analysis 
program that will comply with technical criteria, rules and regulations, 
and coordination procedures established by the national and 
international spectrum management agencies. As projected, the analysis 
program will be designed to be accessible to the space community as 
operational capabilities are acquired. 


5 
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II . PROJECT OBJECTIVES 


Projected advances in the use of space by the military and other 
organizations for communications, navigation, surveillance, and other 
mission capabilities--coupled with the prospect of substantial increases 
in launch rates by U.S. military, intelligence, and civil agencies, as ' 

well as by international agencies --will add substantially to data link 
traffic and data -processing requirements in ground-to-satellite, 4 

satellite-to-satellite, and satellite-to-ground communications and relay l 

: : j: 

systems. Data transmission requirements could expand by several orders | > 

■ ^ 

of magnitude as new and larger spacecraft are developed; LANDSAT-D, for ') 

(j 

example, proposed that resolution be increased from 1.2 acres to 0.2 j 

acre (4850 M 2 to 810 M 2 ) and that the IR data rate be increased from ! 

1000 to 1,000,000 bits/scc. Such expansion could severely tax the i \ 

s I 

data-handling capacities of current equipment and affect the frequency ;! 1 

spectrum allocations and orbit assignments of satellite Systems. [ 

Available spectrum, and the useful orbital positions as defined by jj 1 

j ; 

today s capabilities, may be inadequate. This could negate the 

. j 

operational advantage of the increased sensing capabilities now being * 

sought in spacecraft, and the increased demand in time of crisis could 
result in disruption of critical data transmission. 

The future growth in both commercial and military space systems 
will be constrained by technical problems associated with the frequency ! 

spectrum, orbital congestion, and costs stemming from proliferated j 

terminals. The seriousness of these constraints is shown in an < 

! 

assessment of the useful areas and coverage of the geostationary 




circle;* these areas are essentially full at current assignments with 
communications satellites at C-band and are expected to reach saturation 
at X and K u -bands in the future. The military UHF and SHF frequency 
bands are also almost saturated because large portions of them are 
shared with terrestrial links. 

Future deep -space “based exploration systems may also be 
characterized by high-data-rate-mission sensors and thus will create 
additional problems in the use of the frequency spectrum and in data 
transmission. The high data rates are based on the demand for timely 
and accurate sensor information covering wide spatial areas and are 
generated by fast detectors with high sensitivity and resolution. 
Deep-space exploration sensors are expected to exhibit data rates that 
will exceed the data transmission capacity of the currently planned 
communication links and ground-processing equipment. 

This briefing outlines the project objectives and tasks required to 
develop a continuing program for predicting and analyzing the spectrum 
and orbital requirements of current and future space-related systems, 
and for predicting potential saturation conditions. 


* The FCC has acknowledged that additional steps must be taken to 
meet the continued demand for satellite capacity and to provide for hew 
entry. To address this matter, the FCC has issued a "Notice of Inquiry 
and Proposed Rulemaking," Docket No. 81-704, November 18, 1981, on the 
"Licensing of Space Stations in the Domestic Fixed-Satellite Service and 
Related Revisions of Part 25 of the Rules and Regulations." A reduction 
in the geostationary orbital space from 4 degrees to 2 degrees between 
satellites operating in the 4/6 GHz bands, and in spacing from 3 degrees 
to 2 degrees between satellites operating in the 12/14 GHz bands, is 
proposed. A 3-dB improvement in earth station antenna sidelobc gain 
standards and a 10-dB cross-polarization isolation standard for small 
off-axis angles arc also proposed. These changes should provide spacing 
for 37 U.S. satellites in ecch of the bands listed. 


The project objectives are to design and develop a Capability for 

o Predicting and analyzing spectrum/orbital requirements of 
current and projected U.S. and international space~rclated 
programs . 

o Evaluating engineering and architectural designs, 
o Identifying and analyzing intentional/unintentional EMI. 
o Predicting saturation in spectrum usage/orbital positions, 
o Assessing means to accommodate growth, 
o Supporting preparations for space services— WARC. 
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til. TECHNICAL REQUIREMENTS 


To accomplish Che project objectives, it will be necessary to 
design and develop a comprehensive Space Environment Data Base and 
Analysis Coder and Computer Programs. 


SPACE ENVIRONMENT DATA BASE 

The proposed Space Environment Data Base should consist of a file 
on electromagnetic and operational characteristics and a file on the 
deployment status of currently active and projected U.S. and 
international space systems, related earth segments, and network 
systems. The Electromagnetic and Operational Characteristics Pile 
should include three levels of information: 

1. Level 1 - minimum data. 

2. Level 2 - nominal and expanded data. 

3. Documentation, reports, measured data. 

The Deployment Status File should include four time-related information 
categories: 

1. Current and active-deployed systems. 

2. Approved- for- launch systems and scheduled dates. 

3. Firm and funded development space system programs. 

4. Future development plans and schedules. 
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A proposed data coll action format has been designed by Rand and 
ECAC/IITRI and is intended for use in developing the Electromagnetic and 
Operational Characteristics Pile on Level 1.* The data will support 
preliminary interference analyses and will provide indications of the 
operational usage of systems* The format applies to communications, 
navigation, relay, sensor satellites, space transportation systems, 
their related earth Segments, launch operations, and TT C operations. 
Technical characteristics of the hardware involved and operational 
characteristics of the system are to be reported. Other types of 
satellites, such as radar and solar power satellites, require additional 
data to describe the system adequately. Formats to accommodate these 
systems are being designed and will be published at a later date. 

The data collection format (Appendix A) proposed by Rand and ECAC 
was designed to accommodate current and active deployed systems. The 
same format should be used to report known or projected data on systems 
in other categories of the Deployment Status File. Estimates or 
projections should be identified as such. 

The proposed format is currently being tested and evaluated on Air 
Force space systems in cooperation with the Air Force Space Division 
Program Offices and the Communications Electronics Support Office 
(CSD/DC). It will be reviewed with NTIA, the FCC, Frequency Management 
Offices of the Department of Defense, and participants in the 
conference. 

* Appendix A: SPACE SYSTEMS DATA RECORD- -Electromagnetic Charac- 

teristics and Operational Information for Space Systems and Related 
Earth Segments. Not included in this report. 
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Design and modification of the Spaca Environment Data Base should 
be conducted as a coot le u -lo g Joint effort by The Rand Corporation, the 
DoD Electromagnetic Compatibility Analysis Center (ECAG), the DoD 
Frequency Management Agencies, NTIA, FCC, and other participating 
agencies. Responsibility for constructing and maintaining the Data Base 
and developing an analysis capability for space-systems planning has 
been assigned to the ECAC at Annapolis, Maryland.* ECAC already has 
the necessary computer and data-processing equipment, the trained 
personnel, and a substantial portion of the required space-environment 
data and associated analysis codes and programs. Additional facilities 
may be needed to process highly classified and proprietary data. 

ECAC also maintains an extensive and active data base on the 
electromagnetic and operational characteristics of terrestrial and earth 
environment equipment that may affect some of the space-related 
programs . 

Preliminary discussions have been initiated with NORAD, ADCOM 
(SPADOC), and other agencies about the acquisition and processing of 
needed data on the operational condition and status of space systems. 
Since these data Will be at various levels of security and in some cases 
will include proprietary information, appropriate means for processing 
proprietary and classified information will need to be developed and 
approved by the cognisant agencies. A preliminary list of agencies and 
contacts was published in the Rand Report mentioned earlier and is being 
updated as the project develops. 

* Memorandum: "Electromagnetic Compatibility Analysis Centor 

Support for Space Systems Planning," ?.5 June 1981, Office of the Under 
Secretary of Defense, Research and Engineering, Assistant Deputy Under 
Secretary (Technical Policy and Operations). 
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The Data Base should be made available”*as needed, and under 
appropriate security proceduros»-to Rand space studies, to DoD, and to 
Government agencies and sponsored contractors conducting analyses in the 
subject areas.* The Data Base should be updated for satellite 
launches/decays and changes in space systems development plans to 
provide a continuing source of information for analyzing current and 
future space systems. 

Prediction and analysis of probability of spacecraft collision 
and/or physical impact with space objects will not be addressed in this 
project. However, the Data Base should provide useful information on 
the ephemerides of current and future satellites, which is essential to 
such investigations. 

ANALYSIS CODES AND COMPUTER PROGRAMS 

The objectives are to devise analytic codes and computer programs 
for interrogating the Space Environment Data Base so that current and 
projected usage/saturation levels and impact of EM interference can be 
determined for the spectrum allocation, orbital positions of space 
systems, and related earth segments. 

It may be necessary to develop new analysis techniques and 
usage/saturation criteria for each type of space communications, 
navigation relay, or sensor service. Since the results depend on space, 
time, frequency, message length, and scenario, usage and saturation 

* "Accessibility to the Data Base" will be discussed by J. Atkin- 
son of ECAC in a separate briefing, and will be published in The 
Proceedings of the Conference. 
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levels will have to bo determined for each elemental space volume of the 
system at various cimes and frequencies, at moan message lengths, and 
under different scenarios for different levels of usage. Space, even 
useful portions of space, is a very largo volume. Conditions prevailing 
in one portion (or elemental volume) tend to bo different from those 
prevailing in another. 

For each authorized frequency band and/or channel, completely 
defined emissions, partially defined emissions (random in space or 
time), and undefined emissions (random in space and time) will have to 
be statistically combined and compared with receiver sensitivity, 
antenna gain, and system losses in order to derive a measure of band 
usage. 

This correlation will provide a basis for projecting future demands 
on each allocated band in terms of the anticipated increase for users or 
frequency of use. After "saturation" is defined for each type of 
service, it should be possible to determine which usage rates are 
approaching saturation in an assigned frequency band and orbital 
position and how soon this is likely to occur. 

Limits of orbital spacing are based on beamwidths of the earth 
station/terminal (may include mobile) antennas, electromagnetic 
interference criteria, and adherence to the ITU Radio Regulations. 

Hence, intentional and unintentional interference situations and their 
impact on usage/saturation levels should be assessed. Analysis of 
system vulnerability to intentional EM interference is an additional and 
essential requirement for hardened and secure systems. 
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Once suitable criteria have been determined and-, analysed and 
programs have been developed, they will bo applied to the Data Bane to 
answer questions such as 

1. What are the usage and saturation rates of existing and planned 
spaee eommunieation systems? 

2. Can a new system be added to the existing space environment and 
function as required? What will a new system (assuming it 
became operational) do to the existing systems? 

3. What are intentional/unintentional interference situations, 
sources, and effects? 

4. What will defined jamming situations do to a specified military 
data link that is already X percent saturated? 

5. Which systems are the least conservative of spectrum? 

6. Which systems approach orbital congestion? 

Answers to questions such as these should make it possible to 
recommend communication practices, band allocations, and orbital 
assignments that will permit transmission of essential information 
within the available finite spectrum. 

A list of proposed analysis codes and computer programs have been 
compiled to provide the capabilities for performing the types of 
analysis discussed and for meeting the overall project objectives (table 
1 ). 

This list is based on a series of Joint Rand/ECAC technical surveys 
and reviews of existing programs and those recommended for development. 

It will be augmented as the surveys and project activities continue and 
as user requirements arc identified. 
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IV. PROJECT ST ATUS AND F UTUR E EFFORTS 

During Che, formative period of the Rand project, and in subanquont 
Air Foreo/Rand reviewo, we wore advined to develop coneoptn and plana 
for listing the uses of tho analysis programs and for accessing the data 
base, as required. It was assumed that BRAG would be assigned the 
responsibility of developing a data base and analysis capability with 
respect to military space systems for the purpose of improving EMC 
planning and minimizing the potential intersystem harmful EM 
interference. Other related space efforts, as listed in the Rand 
project objectives, may require the development and use of analysis 
capabilities by other DoD and government agencies and possibly by Air 
Force aerospace contractors. 

Examples of such efforts would include capabilities for 

1. EMC intrasystem analysis of space systems. 

2. Assessments and analysis of Blue/Grey Forces interference or 
intentional Red Forces jamming. 

3. Analysis of Special space systems requiring compartmental data 
bases and 24-hour operational support. 

4. Engineering analysis of architectural formulations of proposed 
space systems. 

5. Determination of the transmission capacity of space systems, 
their usage rate and efficiency of use, and the predicted 
saturation of spectrum utilization and orbital positions. 

6. Technical preparations space services WARC. 
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Thio oxtor.dad support will require access to the ECAC data hasp and 
sMoctod analyfjin computer programs. A Joint conference on Space 
Systems Data Bases and Analysis Capabilities was organised to assist us 
and the ECAC in defining the items for inclusion in the data baoe and 
its subsequent updating, and in reviewing and evaluating existing and 
needed analysis programs, Representatives from industry and government 
agencies were asked to participate. The conference was conducted and 
hosted by ECAC, on November 17-19, 1981 at Annapolis, MB. ECAC will 
compile a report on the Proceedings. 

Rand will be requesting the assistance of ECAC, the Aerospace 
Corporation, and other participating agencies in conducting assessments 
of the data base items and analysis programs required to meet the 
overall objectives outlined in this briefing. We hope to continue the 
design and development of analysis programs and to assist in determining 
the Air Force technical analysis and support requirements. 

Among the objectives of the project is that it be timed to provide 
usable capability for the technical development of Air Force positions 
on spectrum usage and orbital location issues for Space Services WARC. 
Attaining this objective will require the combined effort of and 
coordination with agencies outside Rand. 

Study efforts aimed at assessing means to e:ccommodate the growth of 
space systems and related proliferated earth terminals have not been 
discussed in this briefing. However, candidate techniques that may 
offer ways of accommodating increased proliferation of space data are 
being monitored and assessed as the project develops. Examples of such 
techniques include: 



m 
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Current and potential developments in data processing and 


compress ion , multibaam antennas, etc., 
o Una of higher frequencies, 
o Added spectrum allocations, 

o More efficient energy dispersal. 

q Improved aide lobes of earth station antennas. 
© Satellite data relay systems. 







Table 1 

Proposed Analysis Codes and Computer Programs 


Title 


Organization 


1. Cull and coordination models: 

Space and earth segments 

ITU Radio Regulation Appendix 28, 29 --Automat ion 
Ground mobile satellite terminals 


ECAC 

ECAC, NT1A 
ECAC 


2. Co-site analysis: space segment 

3. Co-site analysis: earth stations, fixed/mobile 

4. Intrasystem EMC Analysis: AF/IAP 

5. Engineering and architectural design analysis: 

MITRE Interactive Communication Analysis Program 
(NICAP) 

Interference Analysis in Satellite Communications 

6. Intersystem EMC and vulnerability analysis: 

Geostationary orbit: Spectrum-Orbit Utilization 

Program (SOUP) 

Satellite Link Interference Prediction 
Nongcostationary orbits and fixed/mobile stations 
Environmental Analysis Model: frequency planning 

Deep Space RFI Prediction Program (DSIP-II) 
MILSATCOM vulnerability analysis 

7 . Saturation prediction and analysis: 

System capacity 
Usage rate/efficiency 
Orbital positions 


ECAC 

ECAC 

RADC 


MITRE 

MITRE 


NT! A, NASA, 0R1 

Rand 

Rand 

ECAC 

JPL 

AF/ESC , Bell 
Rand 
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AIR FORCE ORBITAL POSITION MANAGEMENT POLICY 
D, HYLAND 

— uaut THE EARLIER SPEAKERS WHO DISCUSSED DATA, STATISTICS, 
ANU TEST RESULTS, l WILE DISCUSS PERCEPTIONS- 

— THESE PERCEPTIONS ARE THOSE OF THE PEOPLE WHO MAKE POLICY 
DECISIONS WITHIN THE AIR FORCE AND DEPARTMENT OF DEFENSE- 

THE FIRST QUESTION ASKED WHENEVER THE SUBJECT OF ORBITAL DEBRIS 

IS MENTIONED IS "IS THERE A PROBLEM ?"- 
-- IT IS NOT CLEAR THAT THERE IS A CURRENT OR NEAR TERM 
MISSION THREATENING PROBLEM- 

-- WHILE SPACE DEBRIS DOES POSE A MEASURABLE STATISTICAL 
PROBLEM TU NATIONAL SECURITY SPACE MISSIONS, IT MUST BE 
NOTED THAT TO DATE NO MISSIONS HAVE BEEN LOST DUE TO 
COLLISIONS WITH DEBRIS- 

-- OF COURSE, WE MUST ALSO RECOGNIZE THAT WITH THE INCREASED 
PRESENCE OF MAN IN SPACE AND THE VALUE OF A SPACE SHUTTLE, 
ESPECIALLY IN A LIMITED FLEET, THE FIRST DEBRIS TO 
DISABLE THE ORBITER WILL PROVE CAT ISTROPIC IN MANY 
ASPECTS INCLUDING NATIONAL SECURITY- 
-- the FIRST GOAL OF THIS WORKSHOP MUST BE TO DEFINE THE 

PROBLEM. 

IN DEFINING THE PROBLEM, WE MUST DETERMINE WHEN ORBITAL DEBRIS 

WILL BECOME MISSION THREATENING- 

— WHILE IT APPEARS THAT IT IS NOT A NEAR TERM PROBLEM; IT 

IS EASY TU SEE THAT WITH MORE AND LARGER SPACECRAFT, ALONG 
WITH THEIR ASSOCIATED DEBRIS, BEING LAUNCHED THAT ORBITAL 
DEBRIS WILL BE A PROBLEM IN THE FUTURE- 
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— BASED ON DATA WE HAVE SEEN AND PROJECTIONS ON LAUNCH RATES, 
ORBITAL DEBRIS MAY BECOME A PROBLEM TO THE DEPARTMENT OF 
DEFENSE IN THE 1990s; BUT MOKE LIKELY WILL NOT BECOME 
MISSION THREATENING TILL AFTER THE YEAR 2000* 

-- ON THE OTHER HAND, ORBITAL DEBRIS MAY BE, EVEN NOW, A 
PROBLEM FOR VERY LARGE SPACECRAFT IN MEDIUM ALTITUDE, 

SUCH AS SPACE STATIONS, BUT CURRENT AND PLANNED DOD 
SPACECRAFT PO NOT FALL INTO THIS CATEGORY* 

-- THE MAJOR UNKNOWN THAT MUST BE DEALT WITH IS HOW MUCH 
AND WHERE IS THE DEBRIS THAT WE DO NOT KNOW ABOUT? THIS 
MAY BE OUR BIGGEST HURDLE IF WE WANT TO CONVINCE PEOPLE 
THAT A PROBLEM DOES EXIST* 

AS WE START TO ANALYSIS THE ORBITAL DEBRIS PROBLEM WE NEED TO 

DETERMINE WHERE THE PROBLEM IS* 

-- SPACE DEBRIS TENDS TO BE CONCENTRATED IN ALTITUDE AND 
PERHAPS INCLINATION. PROBABILITIES OF COLLISION WHICH DO 
NUT ADDRESS THIS FACT ARE NOT PARTICULARLY ENLIGHTENING* 

-- MUST DEBRIS PRUBABLY RESIDES IN HEAVILI Y USED, MODERATE 
TU HIGH ALTITUDE BANDS* 

— THE DEBRIS IN LOWER ORBITS DECAYS RAPIDLY BECAUSE 
OF ITS POOR BALLISTIC PROPERTIES* 

— WHILE DEBRIS FROM TRANSFER ORBITS TENDS TO CIRCULARIZE 
ITS ORBIT ABOUT THE PERIGEE ALTITUDE, THEN DECAY* 

~ ONCE THE PROBABILITY OF COLLISION IS CHARACTERIZED MURE 
PRECISELY BY ORBITAL PARAMETER, THEN OPERATIONAL PROCEDURES 
OR MISSION PLANNING MIGHT REDUCE PROBABILITY OF MISSION 
-THREATENING COLLISION TO ACCEPTABLE LEVELS* 




- TO CHARACTERIZE THE ORBITAL PARAMETERS OF DEBRIS, WE MAY NEED 
TO FACE THE ISSUE OF ADDITIONAL TRACKING CAPABILITIES- 
" NORAU IS THE SINGLE FOCAL POINT WITHIN THE DEPARTMENT 
OF DEFENSE FOR THE SATELLITE CATALOG AND ITS ASSOCIATED 
ORBITAL DATA PRODUCTS- 

-- the MISSION OF NURAD SENSORS IS TO PROVIDE WARNING OF 
MISSILE ATTACK AND SPACE SURVEILLANCE- 
-- MOST TRACKERS ARE MISSILE WARNING RADARS- THEY WERE 
DESIGNED TO TRACK DEBRIS LARGE ENOUGH TO ALARM WARNING 
RADARS. THEREFORE, PARTICLES TYPICALLY SMALLER THAN ONE 
SQUARE METER, AT UHF, NEED NOT BE RUUTINELY TRACKED TO 
FULFILL THE NORAD WARNING MISSION- 
-- CURRENT THRESHOLDS ARE BASED ON THESE MISSION REQUIREMENTS 
AND CANNOT BE ARBITRARILY CHANGED. 

- EVEN IF THE RADARS WERE IMPROVED ENOUGH TO ALLOW TRACKING 
OF SMALL DEBRIS (CURRENTLY, THERE ARE NO PLANS TO IMPROVE 
THESE RADARS), CHANGING THEIR TASKING COULD ADVERSELY 
IMPACT THE PRIME NURAD MISSION- 
-- BESIDES THE INCREASED RmDAR TASKING, THE TRACKING OF 
SMALL DEBRIS WILL OVERLOAD OUR CURRENT COMPUTATIONAL 
AND DATA COLLECTION CAPABILITY. 

- IN ADDITION TO WHERE, IT IS IMPORTANT TO CONSIDER HOW ORBITAL 
DEBRIS THREATENS A SPACECRAFT. 

-- WE KNOW THAT SPACECRAFT HAVE BEEN HIT BY SMALL 

PARTICLES WITHOUT HAVING THEIR MISSIONS DEGRADED- SOME 
SPACECRAFT HAVE BEEN DESIGNED TO BE HIT BY PARTICLES AND 
CONTINUE TO FUNCTION IN ORDER TO REPORT THE INFORMATION 
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p UK SC l tN l ine PUKPOStS- 

.. IHPAI'.T DAMAGE ItSIS MUSI It REALISTICALLY DUNE; simple 
HYPtRVELOCITY IMPACT AGAINST l\ TARGET MASS IS 
insufficient- 

--- SPACECRAFT COMPONENTS MUST BE SIMULATED IN THEIR 
OPERATING STATE- THEN STRUCK BY HYPERVELOCITY 
PARTICLES- 

... SPECIFICALLY, SHUTTLE ORB 1 TER COMPONENTS NEED TO BE 
INCLUDED in this PROGRAM- 

- THE RESULTS SHOULD TELL US HOW TO BUILD OUR SPACECRAFT 

SO THAT THE CHANCES OF A C'LISION BEING MISSION THREATENING 
IS MINIMIZED- ALSO, WE SHOULD DESIGN TO PREVENT SPACECRAFT 

BKEAKUP DUE to collision. 

before a plan to solve an orbital debris problem can be developed 

A SET UP CRITERIA MUST BE ESTABLISHED- 

.. THt FIRST and foremost criteria is that the solution must 

BE COST EFFECTIVE- 

... THIS MEANS THAT WE CAN NOT SPEND A BILLION DOLLARS 
TO REMOVE DEBRIS THAT THREATENS A HUNDRED MILLION 

DULLAR SPACECRAFT - 

--- PLANS TO REMOVE DEBRIS FROM ORBIT AS CURRENTLY 
ENVISIONED WOULD APPEAR TOU COSTLY- THESE PLANS 
FORESEE USING THE SPACE SHUTTLE OR A SPECIALLY 
UES1GNEU SPACECRAFT TO COLLECI DEBRIS- 
... ft retTER START SHOULD BE TO PREVENT IMECESS/WY 
DEBRIS FRUM GETTING INTO SPACE- 
... mis LEAUS IU A SECOND OBSERVATION, THAT SPACE 


DEBRIS IS NUT A PROBLEM THE UNITED STATES CAN 
SOLVE ALONE* 







~ THE SPACE DEBRIS PROBLEM IS AN INTERNATIONAL PROBLEM* 

— SOVIET PAYLOADS AND ROCKET BODIES COMMONLY BREAKUP 
IN ORBIT, SOME MAY BE COMMANDED TO DO SO* 

— CHINA, EUROPE, AND THE "THIRD WORLD" COUNTRIES | 

ARE JUST ENTERING THE "SPACE AGE" AND WE SHOULD ’! 

t: 

EXPECT THEM TO DUMP THEIR SHARE OP DEBRIS IN 

j 

SPACE IN GAINING TECHNOLOG ICAL KNOWLEDGE* » 

--- ANOTHER USER OF SPACE THAT MUST NOT BE FORGOTTEN - \ 

IS THE COMMER ICAL SECTOR* THEY WILL OWN AN EVER t 

INCREASING NUMBER OF SPACECRAFT. THIS SECTOR 
WILL BECOME EVEN MORE IMPORTANT IF SOME PORTIONS j 

OF THE NATIONAL SPACE LAUNCH CAPABILITY COMES j 

UNDER CUMMER I CAL CONTROL* | 

--- WE MUST REALIZE THAT WE HAVE NO SOLUTION UNLESS ALL j 

THESE PARTIES ARE IN AGREEMENT* \ 

- WHAT IS THE AIR FORCE DOING IN THE AREA OF ORBITAL POSITION _ j 

MANAGEMENT? 

I' 

-- OUR MAIN EFFORTS HAVE BEEN IN THE GEOSYNCHRONOUS BELT. \ 

— FIRST, WE ARE TRYING TO KEEP DEBRIS OUT OF 

GEOSYNCHRONOUS ORBIT* THIS BEING DONE BY LEAVING 
RUCKET BODY IN LOWER ORBIT* 

--- SEC UN U , WE ARE MAKING EFFORTS TO INSURE ADEQUATE 

SPACING BETWEEN OUR SPACECRAFT* ] 

— THIRD, WE ARE WORKING ON DETERMINING PROPER ! 

COLLISION AVOIDANCt PROCEDURES* 
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' I in St EF FOR I S HA VI BEEN 1)1 M- ' 'SID ELM WIU Kl IN THIS 
WOKKSHOH * 

WL HOPE THAI THt LESSONS LEARNED I- HUM THIS! GEOSYNCHRONOUS 
OKlUl EFFORTS CAN EVEN 1 DALLY Bfc. APPLlt- TO ALL ORBITS, UR 
AT LEAST THOSE REQUIRING SOME CONTROL* 

- THt SUBJECT OF KEMUVING SPACECRAFT FROM GEOSYNCHRONOUS ORBIT 
AT THE END OF THEIR USEFUL LIFE IS CURRENTLY BEING DISCUSSED 
WITHIN THE AIR FORCE* 

-- THE AIR FURCE BASICALLY SUPPORTS THE )EA OF REMOVING 
SPACECRAFT FROM GEOSYNCHRONOUS ORBIT AT THE END OF THEIR 
USEFUL LIFE* 

-- WE ARE DOING THIS BECAUSE OUK SPACECRAFT ARE IN EXCELLENT 
ORBITAL POSITIONS TO SUPPORT THEIR MISSIONS ANU WE WANT 
TO PUT THEIR REPLACEMENT SPACECRAFT IN THE SAME ORBITAL 
POSITION WITHOUT HAVING TO CONCERN OURSELVES ABOUT 
INTERFERENCE FROM THE OLU SPACECRAFT* 

-- WE 00 NO T SEE THIS IDEA REDUCING THE NUMBtK OF GEOSYNCHRONOUS 
SPACECRAFT* WE SEE IT AS A WAY OF KEEPING THE FAVORABLE 
POSITIONS Wt NOW HAVE* 

- IN SUMMARY , WHAT SHUULU BE OUR NEAR-TERM GOAL? 

-- WE MUST DEFINE THE PRUBLEM ANU SHOW THAT WE 00 HAVE A 

PROBLEM. 

-- WE MUST SHOW THAT THE PROBLEM IS MISSION-THREAT ING TO 
A SPACECRAFT. 

-- WE MUSI UtPINE THE PRUBLEM IN LAYMAN'S TERMS SO THAT 

OUR POLICY-MAKERS WILL UNUERS1AN0 II* 

-- WE MUSI MAKE THE CUMMER I CAL AND INI EKNAI IUNAL 

I nMMUN II ITS AWARE 01 IMIS PROBLEM, RE.LAUSE WllHOlJ! HUM 

Wl HAVL NO SOLUTION* 
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Air Force Satellite Position Management 

Captain R. Davis 
Space Division 
Us Angeles, CA 


1. Introduction 

My Intent this afternoon Is to describe the plans and procedures the Air 
Force uses for satellite position management, I will review briefly the 
major Air Force organizations that are involved with satellite position 
management, describe our approach and general planning procedures, and 
address Some of our concerns In this realm, 

2. Air Force Agencies 

As you know the Space Act of 1958 identified the Department of Defense as 
responsible for conducting military operations In space. Subsequently* the 
United States Air Force was assigned to act as the DOD's executive agent 
for space. In addition, the Air Force is responsible for acquisition and 
launch of DOD space systems. Within the Air Force, space related roles and 
activities have been delegated to several subordinate organizations and 
agencies. 

With regard to satellite position management, tasks are divided as shown in 
Figure 1. The roles and responsibilities of all these agencies are still 
evolving. The Air Force has designated the Air Force System Command's 
Space Division as its office of primary responsibility for satellite 
position management. Spacecraft program offices at Space Division are 
required by regulation to include position management planning in both 
pre-launch and orbital phases of spacecraft development and operation. 

However, position management activities also focus on the Air Force 
Satellite Control Facility (AFSCF) , which is subordinate to Space Division, 
and the Aerospace Defense Center in Colorado Springs. The tracking 
facility at Sunnyvale controls or operates around twenty Air Force 
spacecraft and is responsive primarily to the users. They also have a 
current responsibility for identifying possible orbital collisions and 
notifying affected parties as early as possible. ADC is responsible for 
tracking, monitoring, and cataloging some 4700 space objects, including 
both space debris and active satellites. 

At Headquarters, Air Force, the Directorate of Operational Requirements, 
under the Deputy Chief of Staff for Research, Development, and Acquisition 
(AF/RDQ), is the action office for managing the Air Force Survivability 
Program. As such it determines proper spacecraft hardening criteria and 
advises spacecraft program offices on appropriate requirements for 
spacecraft system survivability. Also at the Air Staff, the Deputy Chief 
of Staff for Operations Plans (AF/XO) and Requirements is responsible for 
resolving positioning conflicts with agencies outside the Air Force. 
Finally, frequency assignments for spacecraft systems are obtained by using 
Air Force Frequency Management Center channels as an Interface with the 
International Telecommunications Union ( ITU) . 


3. Air Force Approach to Position Management 

The Air Force approach to position management Itself Is divided Into three 
® s: . *h® avoidance of collateral damage, radio frequency 
management, and physical positioning and collision avoidance. 

The collateral damage question, which Involves that damage resulting from 

?he a £5?u a ™ an 2J h ?« }E iC i? rt K 0f s P« ce ,obJect, Is of special concern to 
i!*i! i PJf * A r Forc © aPe charged with a responsibility for 

national security and for Insuring the survivability and viability of our 
national space systems. Developing, launching, and operating our space 
systems requires us to consider overall mission requirements, the potential 
♦ l! re f<* a9 f ns * our space systems, and the hardening of spacecraft against 
« ?^ a ff icts °!,? u 5 1 ? ar detonations. This latter consideration follows the 
!M bl f he 2 b * th V J ? 1nt Chiefs of Staff and the criteria 

Jt n l N Ef lea , r £ r1t ? Ma Group - ™* office Interfaces with the 
Program™** ° f Opdrat1ona1 Requirements under the Air Force Survivability 

Radio frequency management Involves reducing the potential for 
fI e S tr EZT a9n6ttc 1nterfere nce among both space and terrestrial systems. 

1° 2htl?l S iHL C0 °r? na f e trough our Frequency Management Center channels 

° na f 69 f trat ,°? and fre Ruency assignment from the 
International Te ecommunicatlons Union. This includes both radio band 
selection and, within the geosynchronous belt, orbital spacing. 

:i na :ir* !V n eFFo . rb S? pre ,l ude Physical damage from orbital collisions, 
as well as to consolidate guidance for frequency management and for 

hardening and design, the Air Force has established responsibilities and 
£!?!?"•*• ordinate our spacecraft positioning well prior to actual 
• These procedures and responsibilities are given in Space Division 

?f?l at ThEco 5 f 1 3nd '? a 4 draft . A1r Force regulation to be published this 
t 7? re 9 ulatio " s address the relationship of all Air Force 
agencies directs concerned with satellite position management and app 
all Air Force agencies and organizations using space systems. 

4. Management Roles 


apply to 


The purpose of these regulations is to describe procedures for establishinq 

2rhitEi C ^ r nf ? rblt J Positions and to provide a mechanism for resolving 
orbital conflicts. In the spacecraft development phase the spacecraft 
system program office is required by regulation to coordinate with 

ate a9 ? nC k?ij t0 ° bta ^h P r oper frequency assignment, to incorporate 
effective survivability design, and to plan for proper orbital placement 
and spacing. Just prior to launch, the program office will coordinate 
directly with both the Satellite Control Facility and the Aerospace Defense 

irm k r aje ? t0 .7 and f1na1 orbit compatibility with all objects 

S°»U^Z?ol! e lltte? , lhr!?F b or t !!\«r r . r0rCe U " U mrci%U "> *P“ecr,ft 

pr ? cess i s coordinated throughout by Space Division’s Deputy 
Commander for Space Operations (DCS), who acts as Space Division’s OPR for 
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satellite position management. The Intent Is to establish positioning and 
to resolve any positioning conflicts at the lowest possible organizational 
level. If conflicts cannot be resolved within the Jurisdiction of Space 
Division, the DGSD may refer 4 the issue to the- Deputy Chief of Staff for 
Operations Plans and Requirements (AF/XO), AE/XO would, In turn, resolve 
the conflict coordinating with the Air Force Space Operations Steering 
Committee or the Director* Joint Staff, depending on the nature of the 
problem. 

A word about the new Space Command: the role and responsibilities of this 
organization are still evolving. Clearly, we look on SPACECOM as a means 
of enhancing the management and operation of space systems, and SPACECOM 
will have a definite Interest 1 n--1 f not ultimately be responsible for- -the 
policies the Air Force will develop concerning satellite position 
management. 


identified responsibility 
management Interfaces 


AID FORCE satellite position management 
AIR FORCE AGENCIES 


department 

OF 

DEFENSE 


"Conduct military operations In space" 


UNITEO STATES "Executive agent* 

AIR FORCE "Acquisition A launch of 000 sRate systems" 


SPACE 

DIVISION 

tAFSC) 


Office of 
primary 

responsibility" 


AIR FORCE 
SATELLITE 
CONTROL 
1ACJ..I t T_T_- 


ACROSPACE 

defense 

COMMAND 

JnOrao) 

"tracking 

and 

monitoring" 


"Tracking, operations, 
and notification" 


DIRECTORATE 
or OPERATIONAL 
REQUIREMENTS 
(AF/RQQ) 

"SurvUabl I Ity" 


"Include position 
management 
planning" 


"Focal point 
Survivability* 


OPERATIONS 
PLANS AND 
REQUIREMENTS 


"Conflict 

Resolution* 


SrifCH PROGRAM 

SPACE OCEEJISC | 

OFF ICtS 

Sf STEMS 


(SD/fN) 


OEPUtf COMMANDER 
FOR SPACE OPERATIONS 
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"Office of primary 
responsibility" 

Eg}— 1 — GeD 
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MANAGEMENT 

CENTER 


"Interface «it* 
International 
Teleconfnunica- 
tlons Union" 


COMMUNICATIONS 
ELECTRONIC SUPPQR" 
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"Point of contact 
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INTRODUCTION 


This paper discusses a number of copies pertinent to orblenl debris policy. Most 
of the discussion focuses on aspects of orbital debris policy development in 
which Bdttclie has been Involved over the lost deende and a half. The final part 
of the papdr presents some personal observations regarding orbital debris policy 
stadia and approaches. 

BACKGROUND 


The possible hazards presented by orbital debris have been a matter of concern 
since the early 1960s. ' ' The area of Initial concern was the potential 
hazard to the Earth from reentering debris. In the very early days of the space 
program. It was believed that only specially protected objects would Survive 
reentry. Subsequent events showed this to be incorrect. A chunk of Sputnik IV 
landed at an Intersection In Manitowoc, Wisconsin. Pieces of the skin of John 
Clehn'e Atlas booster were recovered In Africa, with Inspectors’ hand-stamps 
still readable. Intact spherical hlghpre6sure gas bottles were recovered from 

Australia and Saudi Arabia. 

The recognition of thl 9 unexpected hazard gave rlee to a wide range of policy 
issues. The debate on these Issues continued for a number of years, culminating 
in such actions as Che signing of the United Nations Treaty on Liability for 
Operations In Outer Space, and the positive actions taken to reduce the Impact 
hazard in the Skylab program. 

The recognition of the potential hazard of orbital debris to orbiting objects did 
not occur until the late 1970s. Concern over this potential hazard has 
increased, and has also given rise to a number of policy issues. These issues 
are, at present, largely unresolved. 


Characteristics of the Debris Hazard to Earth 



To understand the policy Issues that were generated by reentering orbital debris, 
some basic facte regarding the hazard they presented must be understood. First, 
objects placed In very low-Earth orbit (e.g., circular orbits of less than 300 
n.ml. Altitude) will undergo orbital decay and reenter the Earth's atmosphere. 


* Superscript numbers refer to References shown at the end of this paper 
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usually within a f ew months to a Tow years* The time between o r ti f t #i I placement 
and eventual Earth Impart Is a function of the initial orhll.il altitude, the size 

and roan a of Ilia object and other fad ora aurh as the upper at (anaphoric denalty, 

w nlch Is Htionpjy influenced hy die nnlai nun -spot cycle* The oxact time of 
reentry la difficult to predict in advance* Therefore, until a abort time before 
reentry the location of the eventual Impact point must he treated aa random 

within the latitude hand ft sot hy die orbital Inclination* Since moot low Earth 
orbital apacecraft have orbits with Incllnatfona of at leant Htt/i degrees, with 
Soviet apacecraft operating at hip, tier Incllnat Iona am! polar or near^polaf orbits 
uaed for laindaat, Tiros, and varlonn scientific spacecraft, t ho reentry of dehrln 
represent a a worldwide potential hazard* 

The masses of recovered reentering objecto ranged from very small (lean than an 
ounce) to hundreda of pounds*^) It wan predicted that even larger objects 
might survive (e.g., the film vaultn from the $kylab)«(2) Because of the 
aerodynamic drag experienced during reentry, these objects were predicted to 

Impact with relatively low terminal velocities, ranging from n few feet per 
second for lighter, flat objects (e.g*, solar ceil cover glasses, small portions 
of external skin) to a few hundred feet per second for large, dense objects. 

Taken in total, the impact of these objects represented an obvious potential 
hazard to human life. The larger objects posed a risk of fatalities or Injuries 
through direct impact on individuals or through the generation of secondary 
debris upon impact. Even the smaller objects were considered capable of causing 
injury if undetected (e.g., injuries from solar cell cover glasses lying in 
vegetation or in the* soil). A less likely, but more difficult to assess, 
possibility was that of a catastrophic accident (e.g., debris striking a crowd, a 
fully-loaded Jet airliner, etc.)* 


Hazard to Eart h--l*o 1 icy Issues 


The initial and roost persuasive issue faced in developing policy for impacting 
debris was the characterization of the risk, i.e., did it represent a severe, 
moderate, or possibly even a negligible risk? This is, of course, the problem of 
assessing the acceptability of the risk, a problem not unique to this situation, 
but one faced continually in such areas as public health and safety, public and 
private transportation, and environmental protection. It 16 a subjective 
Judgment, and influences the entire range of responses and actions subsequently 
taken. 

A second issue of major concern was the definition of the liability for damage 
due to debris Impacts, particularly the means for establishing the liable party 
and providing Indemnity for losses. Here again, the type of procedures estab- 
lished would depend in part on whether auch cases were Likely to be frequent or 
relatively rare. 

A third issue, with many facets, concerned the types of measures that could or 
should be mandated to either reduce or at least document the risk associated with 
specific space operations. A number of steps were proponed and examined. 

One called for the? preparation of detailed risk assessments for each Individual 
mission, including an engineering analysis of the likely surviving pieces, their 
distribution relative to each other at impact (their “footprint"), the potential 
areas of Impact, and the likely hazard In terms of probability of causing an 
injury or fatality. This analysis would be used to document that the specific 
risk for each mission had been considered and , presumably, been found acceptable. 



A specific proposal from Frfli^P would have required # ho r«»H I nt r «l lo«* a ml labeling 
»i( nil component n l ii a aparecrafl pi lot to Inunrli, Each roinimiionl would lio given 
a unique Idriit I f leal Inn number mi flint It rmild he on ambiguous I y Identified wIhmi 
f ouiid . 

Uur* obvious of, op for reducing the hazard would be to do I llioralely reenter the 
debris at a preoeleeted location for ocean Impact. Thin would require tl»e 
provision of oome form of propulsion* to initiate reentry nt the desired time And 
locution* ah well ah active communications to trnnnmlt the command for each 
aeparate nyatem or piece to be reentered* 

Two Additional propooAla were Advnnced for reducing the hazard. One proposed 
that larger objects be exploded In orbit prior to reentry, reducing file size of 
reentering objects. The other proposed that opace nyntemo designs be altered to 
maximise bufnup during reentry. This was proposed to be done through more 
extensive use of low melting point materials, and designing for early breakup 
during reentry to expose all internal components to the full reentry environment. 

Ail of the above proposals and Issues were debated vigorously over cite decade 
from the mid- 1960s to the mid-1970s. Eventually, a satisfactory approach has 
evolved . 


Hazard to £arth--Resolut ion 


The key factor In resolving the Issues regarding reentry debris was the eventual 
character izat Lon of the hazard. A major contribution to this character tzat ton 
was a study conducted by Battel tc. This study readied two major conclusions, 
first, it was concluded that the analyses of reentry hazards being conducted by 
various organizations In the U.S. appeared to be technically credible and formed 
a basis for a reasonable estimate of the hazard associated with reentering 
debris. These analyses indicated a probability of Injury for reentering systems 
generally ranging from 10“^ to IO“3 # (l) with some very large systems each 
as Skylab as high as approximately 6 x io~ 2 (2) (approximately a one In 
onc-hundred and fifty chance of Injury, worldwide). Second, the relative hazard 
posed by these reenterics was low and, specifically, was lower than the back- 
ground hazard due to reentering meteorites. Since there were no verified deaths 
and only a few verified injuries due to meteorltles over the last two-hundred 
years, it was concluded that Injury or significant damage due to reentering space 
debris should be a relatively rare event. Therefore, extreme measures did not 
appear to be Justified. 

The characterization of the debris risk as low helped to resolve a number of the 
policy Issues discussed previously. Since such cases were not likely to be 
widespread, special procedures for handling liability did not appear necessary, 
and the general provisions of the United Nations treaty on the Liability for 
Space Operations, which was being negotiated during this time period, were held 
to apply. This treaty defines the country of launch as responsible for any 
damage caused by Its operations. Since damage cases were expected to be rela- 
tively rare, the French proposal for registration and labeling of all components 
was not adopted, the conclusion being that the country of origin could be 
established with reasonable confidence without reglstr.it ion and labeling, and 
that the proposed system was unacceptably burdensome in view of the relative 
Infrequency of expected incidents. 

Some selected hazard reduction or documentation steps were taken, where feasible, 
particularly for large systems. First, NASA developed fl net of hazard analyses 
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for some 1 f I c? flight nyRlems (e.g., IIRAO, Contmir) that could ho ronntdorod 
ropreflonlat Ive of moot modlum-to'-laj go space systems that were either In orbit or 
likely to be launched In llu* near future. Thane generic Analyses, plun thonc 
already conducted for systems like Skylnb, nerved an tlve hanln for future 
lhqutrlen and assessments concerning the florvlng debr4n and anaoclated hazard 
leveln. Second, wherever feasible, large orbiting objects would be deliberately 
reentered Into remote arena to reduce their hazard. Thin wna done for the SJVH 
ntageci unod in the Skylnb program, with the residual hydrogen being cold=flow 
Vented through the J-2 engines to provide the required Deltn-V for reentry. In 
the cane of Skylnb Itself, where reentry was not originally expected, a degree of 
control over the reentry location was achieved by deliberately Initiating the 
final tumble during reentry, using the remaining attitude control propellants. 
This crude form of control did move the projected reentry point more towards 
ocean nrcan. 

Some proposed steps fo*- hazard reduction were not taken. The proposal for 
deliberate reentry of all objects was considered impractical and unnecessary In 
view of the low hazard estimates. The proposal to fragment systems prior to 
reentry was also not taken up. In this case, the overall hazard, Including that 
to workers handling the explosives at launch and processing facilities, might 
have been Increased significantly by tlve proposed action. 


ORBITAL HAZARD— CHARACTERISTICS 


As mentioned in the Background section, the potential hazard of orbital debris to 
orbiting objects is a more recent concern than the hazard of reentering debris to 
Earth. The origin of current concern was a 1978 paper by Kessler and Cour-Palals 
of the NASA Johnson Space Center. That paper first identified the existence 
of a possibly serious threat, analyzed the magnitude of the hazard presented by 
known orbital objects, and speculated about both the hazard from unobservable 
objects (too small for detection by current ground-baeed Instrumentation), and 
the possible growth in the hazard in the near term. 

Battelle became active in the orbital hazard area In 1979. The original emphasis 
was on producing an independent assessment of the ort-orblt hazard. The basic 
result of this evaluation was a corroboration of the hazard mechanism and overall 
hazard magnitudes projected by Kessler and Cout-Palsis.(^) Since that time, 
Battelle has worked on general policy issues, the specific hazards due to expend- 
able launch vehicle operations,^) and the development of dynamic models to 
study debris population evolution. (6) Only the first item will be discussed 
here. 

Orbital debris possesses certain characteristics which define the nature of the 
hazard it presents and which, in turn, give rise to many current policy issues. 
The debris of greatest concern IS that located In low Earth orbit between alti- 
tudes of roughly 300 n.ral. to 1200 n.ml. Within that orbital region, the 
existing debris Is highly randomized, particularly regarding the orientation of 
the orbital plane (line of nodes). Many of the objects are In near-polar or 
hlgh-lnclinat Ion orbits. Because of these orbital characteristics, encounters of 
an orbiting object with a piece of debris are likely to occur with large 
encounter angles and, therefore, very high relative velocities (average relative 
velocities are estimated to be of the order of 25,000 ft/sec).'*' At these 
high encounter velocities, significant damage 19 possible eveh from very small 
objects (of the order of a few grams). 


s»iiS -• 
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A major characteristic of thin debris Is tin* absence of any effective mechanism 
for debris removal. Above approx imalo ly 300 it > nt 1 • • the upper atmosphere Is no 
temioun that decay times are very long, and atmospheric drag is usually not an 
effective scrubbing mechanism* In addition, because of the random orientation of 
the debris orbital planes previously discussed, the propulsion requirements to 
collect multiple pieces of debris on a given flight Is prohibitively high. 
Therefore, the sometimes mentioned concept of collecting the debris with an 
orbital "vacuum eleaner" is not practical. Because of these two factors, low 
Earth orbital debris, once deposited, tends to remain in place, so that the 
buildup is cumulative and not easily reversed or reduced. 

Given this persistence of the debris, there Is concern tint a level of hazard 
Inadvertently could buildup which could Inhibit or prevent certain future uses of 
low Earth orbit. Tilts Is particularly true for large systems with long orbital 
residence time, such as the proposed space station. There is general agreement 
on the hazard presented by observable debris currently on orbit, which docs not 
seem to present a major threat. However, there is no such agreement concerning 
the possible additional hazard due to unobservable debris, and the likely rate of 
growth of both the observable and unobservable debris. These are areas of 
significant uncertainty. 

A final area of uncertainty is the possibility of a runaway buildup of debris. 
As indicated, collisions with orbital debris would be expected to occur at high 
velocities. Such collisions could produce multiple or even numerous pieces of 
secondary debris. If collisions begin to occur, this secondary debris could 
cause a dramatic Increase in the number of objects In orbit, further Increasing 
the rate of collisions and generating additional secondary debris. A cascade or 
runaway type of buildup could occur. At present, however, the dynamics of this 
situation have not been analyzed In the depth required, and so it remains a 
speculative possibility. 


orbital hazard — policy issues 


As in the previous case with reentry debris, a key factor in developing effective 
policy for orbital debris is the characterization of the risk. In the case of 
orbital debris, this has been a relatively difficult task. Unlike reentry 
debris, orbital debris hazards are not negligible compared to the natural 
background. At the present time, the hazard due to observed manmade objects is 
of the same order as the natural background due to meteorites, and may lnciease 
beyond the background level in the future. Therefore, the hazard cannot be 
dismissed through comparison with background levels. Adding to this problem Is 
the previously mentioned uncertainties regarding the amount of unobserved debris 
and the likely rate of growth of both observed and unobserved debris. With these 
uncertainties, it is difficult to characterize the overall hazard. What probably 
can be said Is that the hazard does not appear to be serious for current systems 
and operations, but could be very serious for future systems or operations. This 
type of situation makes it difficult to decide whether there Is a need for 
Immediate action, with the result that many courses of actions, ranging from 
near-total inaction to Immediate policy promulgation, have been urged. 

If policy for orbital debris is to be developed, several specific issues will 
need to be examined carefully. One is the degree of which design or operational 
changes designed to reduce the generation of orbital debris can or should be 
mandated for operational or R&D programs. A number of such approaches are 
possible. Including: 
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• Minimization of the number of object b relenned in t tie u«e of 
Reparation inerhaniRma 

• Provision of propulsion systems to assure prompt reentry of largo 

items of debris (which ore potential sources of large numbers of 

secondary debris objects) 

• Positive venting of residual propellants to prevent subsequent 
on-orbl t explos ions 

• Restriction of ASAT tests to low altitudes where aerodynamic Scrubbing 
is effective. 

These steps arc similar in program and cost Impact to the types of steps that 
were proposed for reentry debris hazard reduction. The decision regarding 
whether they should be implemented will depend upon the way that the orbital 

debt 1 6 risk is eventually categorized and on the magnitude of the cost (including 
cost impacts) and risk associated with each option. At present, these are all 
largely undetermined. 

A second major issue concerning orbital debris is the degree and timing of 
national and international cooperative efforts. It 16 clear that the orbital 
debris problem extends beyond the operations and responsibilities of any one 
organization or nation. Doth the Soviet Union and NASA have been major sources 
of current debris, while other nations now beginning to become active in low 
Earth orbit (e.g. f France through the SPOT program) are potential future sources. 
An effective debris policy would require the cooperation of all potential 
generators. However, the time may not be appropriate for serious international 
negotiations on this issue. Perhaps seme single agency, 6uch as NASA, should 
assume a leadership role by developing policy for its own operations, making 
these known to other debris contributors, and Inviting dialogue and similar 
initiatives. 

A third area of major concern is the potential military implications of orbital 
debris. Tests of ASAT systems could become a major source of orbital debris. As 

mentioned before, debris growth would be reduced If future ASAT tests were 
restricted to very low Earth orbit where the debris would be removed relatively 
rapidly. However, this restriction could compromise the effectiveness of the 
ASAT tests, a tradeoff that the DoD would need to weigh carefully. As a part of 
this tradeoff, the possible detrimental effects of this debris on other DoD 
programs (e.g., surveillance) would need to be considered. 

A further military concern is the possible use of debris as a weapon. It is 
conceivable that one nation might decide that certain regions of space are more 
valuable to their enemies than themselves, so that they would be willing to deny 
its use to anyone. This might be affected by depositing sufficient quantities of 
debris in selected altitude zones to generate a high-risk situation, possibly 
through runaway generation of secondary debris. Notidiscr lminatory use of debris 
in this way would be similar to the use of mines in laud and naval warfare, and 
is a possibility that needs to be examined. 

All of the above policy issues are currently unresolved, certainly on a national 
or international 9calc. It is not the purpose of this paper to recommend 
specific solutions to each of these various Issues. However, there are some 
specific personal comments and suggestions that ate offered for consideration. 
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PERSONAL. OBSERVATIONS ON ORBITAL DEBRIS POLICY ISSUES 
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Iho Hrnt observation in that the oxlntlnfi data baaed on orbital dobrln in 
Inadequate to aupport any definitive policy actions. it in not nonnihin ! 

answer certain critical questions at this time— questions ouch ns what Is the 

wucutn .r 25 Vm rMuUe ° f c ° lU9 “>" >rttll debris Mtcrlol «t 

nl 1 1-. f 25 * 000 ft/floc 6r gr ® ator on spacecraft structure and materials. 

orbllal^ dib.X**!™! T be . a^wcred more definitively, policy decisions on 
orbital debt Is cannot be made on a solid basis of dcfendable fact or loelc 

orbital *<10 brigand dSrt,^ m f eveXo ^ ^arstnnding of the basic phenomena of 
orDiCAi debrie And debris collisions should bo pursued with vigor* 


lnrrnLdb ^h *!"*. th , at baslc 8tud1 ® 8 are proceeding, efforts need to be made to 
on “ . h ' g *\ er . fll awarcft ® 88 oC this potential problem. This should not be 
done In an alarmist manner, but with full admission of the uncertainties present 

Seb^s \TT d me type of effort la "®® d ® d because the haca^ froi 

cone iuH ea* .-h counterlntulclve phenomena— at first consideration, it usually i 8 

lnCni^ d ! d ha he ri J k “ uflt be V6ry soa11 because of the large volume of space 
involved as compared to the value of debris, and because the high average 

Indicates thit 01 ?, 168 * “f" il* 0t con8ldered « Experience with Skylab reentry alfo 
Indicates that physical phenomena with statistical or probabilistic aspects are 

JoreBfiJ. flT? by J he publlc ’ pred8 * ot evert ® om ® decision makers! ^ere- 
’ * 1XX likely take time t0 dev eiop « proper understanding of this problem 
rfphHe wider segments of the population. The A LA A position paper on Jrbltal 
debris hazards Is one good example of such Information dissemination. (7) 


St f ftesV° ln ® r e 88 ® informal dialogue at the working level both within the United 
S tates and Internationally need to be Increased. This current meeting is an 

Sr'X'JSEflVr* dl f logU8 ’ 88 wer ® th ® previous year's preaentafions at 
nrhirai ® tlng ln Rome * ** indicated earlier, eventual effective action on 
. * d ® brlB control would have to involve all agencies and nations contrlbut- 

erouos ra 6 gene J atl °" of d ®bris. Informal discussions among the appropriate 
groups can provide a basis for higher-level negotiations at a later date. 


Because the hazard from observed debris Is probably small for conventional mili- 
tary space systems, there may be a temptation to defer or downgrade any serious 
° f ,, th . 1S P ° tentlal P roble » i" f®vor of more Tmmediate^ military 

tlturl n nf a "°1 be 8 aeti ° U8 error ’ 8lnce th8re c0uld b ® oa J° r impacts ol 
"ilitary plans and operations if the orbital debris buildup continues 

Is deliberately* int rt !| CU *!4 r ^ y JLf ASAT te8Cln S Increases dramatically or if debris 
a hard U look. ^ lntroduced * 1,18 military implications of orbital debris deserve 


As a final personal observation, thought needs to be given to the form and our- 

ra C , ln a 7.r C o, £**? In »•"*"»«. «•» •■»-!-> be U ” ”1 . 

1 terms of broad objectives and principles. Developing effective nollcv 
In this area will probably require extensive negotiations at high leveTs 1 of 

not ‘nee/’to ^ b ® 8tated ln tet1ns of ««»«*•••! guidance that will 

l.. rAa^ c be renegotiated as more is learned about the specifics of debris 
hazards. Specific steps to reduce the hazard should be suggested and eventually 
implemented by the petsonnel at the operational and design Lve^ with he 
JsSeStiil°L h i 8 ^ ter-level decision makers. Fot those esses where It is conslde^d 
TJ 8 6 oandate certain rules or procedures to operational personnel these 

should be contained in a set of Implementing instructions which supplement tSe 
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basic policy, and which can be more easily modified than the basic policy as time 
progresses. Formulation of the policy In this manner can avoid much time- 
consuming renegotiations of base policy while still providing senior decision 
makers with the degree of detailed control that they feel necessary. 


FINAL REMARKS 


This paper has discussed the general problem of developing effective policy for 
orbital debris. The experience with reentering debris hazard policies does 
provide some Insight for policy development for orbital hazards. The possibility 
that many useful regions of low Earth orbit could be Inadvertently or even 
deliberately made extremely hazardous for space operations should be Sufficient 
motivation for vigorous pursuit of basic understanding and viable and prudent 
policy courses. It is hoped that some of the suggestions offered in this paper 
would, if adopted, aid In this objective. 
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considerations for policy on man-made debris propagation control 


D, FIELDER 


PREMISE 

• 

The present rates of man-made, space object propagation are such that there 
is a real probability of self propagation which, if uncontrolled can lead to 
a serious limitation to future uses of spacecraft for beneficial purposes. 

Effective control over the debris issue requires adoption and adherence to 
policy at a world wide level (any one nation's unknowing, selfish or 
deliberately adverse action can conceivably jeopardize other useful 
applications of space satellites for years into the future). 

The near-term environment may not seriously jeopardize the near-term missions. 
However, absence of control and /far nonadherence to a control policy in the 
near-term can result in a debris environment that can severely limit Iona - 
term mission opportunities. y 

The data upon which these observations are based continues to be investigated. 
These investigations tend to validate the preceding observations and emphasize 
the need for near-term action to establish responsible control policy and 
implementation actions. r 




POLICY STATEMENT ON SPACE DEBRIS 

(Note: - This statement is Intended to be specific enough to focus upon the 
issue but general enough to allow flexibility In Us implementation such 
that as the issue becomes better understood so can the levels of implementa- 
tion be adjusted. The policy statement would have longevity as a national 
objective and should support the development of related policy applicable 
at the International level. The implementing instructions would be changed 
In accord with the development of the related knowledge of the debris Issue 
and that technology which bears upon the abatement or control over debris 
propagation.) 


Policy on unnecessary propagation of space debris: 


In that earth orbital space is an international domain and, by the nature of 
J n J er f ,a p ona ] use, can be defined as a resource of limited capacity, it 
shall be U.S. policy to adopt all practical means to preserve the capacity of 
earth orbital space for useful space satellite applications. 


In that placement or propagation of useless and or residual man-made objects in 
space can jeopardize the capabilities of future space missions. It shall be 
immediate U.S. policy to avoid all unnecessary Increases in the population of 
man-made space objects. 


In addition it shall be immediate U.S. policy to Initiate international proceedinq 
to establish a world-wide policy to avoid unnecessary increases in the popula- 3 
tion of man-made objects. 


In addition it shall be continuing U.S. policy to develop spacecraft launch and 
operational techniques such that the man-made population of space debris and 
useful spacecraft, together with the natural background, does not exceed, or 
portend to exceed an acceptable combined flux level (a level to be determined 
from ongoing investigations). 


(Note: If "NASA" is substituted for "U.S." in the above it must be contingent 
upon NASA having the authority to act in a national and international capacity 
on behalf of the U.S.) 


DEFINITIONS: 


The following typical definitions must be developed as they are applicable 
to the policy statement: 

Earth Orbital Space « 

The term ‘’earth orbital space" refers to that volume surrounding the earth 
encompassed by a sphere of radius equal to geosynchronous orbit apogee. 

For circular or near circular geosynchronous orbits this spherical radius 
Is approximately 4^,000 kilometers. For geosynchronous orbits with 
eccentricities up to 0.5 (as may be considered for future applications), 
this tadius can be up to 60,000 kilometers. 


1nterest are orbits associated with domestic applications 
satellites (approx. 36,000 kilometers, circular altitude, 0-5 degree inclina- 


Debris - 


The term ‘debris" refers to all man-made objects remaining in space that 
serve no useful purpose and applies to the following typical objects: 

a. spent, depleted, or otherwise non-operational payloads. 

b. spent, depleted, or otherwise non-operational launch stages* 
payload shrouds, interface hardware* pyrotechnic separation by- 
products, etc. 

c. fragments generated by accidental or deliberate explosions. 

d. fragments generated by collisions between any of the above. 

e. particles and other combustion by-products from rocket engines. 
Natural Background - 

The term "natural background” refers to the flux of natural objects occupying 
the volume of interest. These objects are primarily of cometary origin 
The motion of these objects is well defined. The natural background has been 
and continues to be an environmental consideration in the design of spacecraft 
to provide protection against the statistical probability of impact. 

N £j e * na ^ ral background constitutes the galactic environment through 
which the earth passes; space debris is in earth orbital domain and emanates 
from earth based, man-made origin*. 


GENERAL DISCUSSION 


Man-made debris contributes an extra dimension to the natural background, 
inis extra dimension Includes a relatively small number of large objects 
and a relatively large number of small objects. Being man-made, these 
objects do not follow the natural distribution and result In a higher 
statistical hazard probability for their relatively small population. 

These higher probabilities occur at altitudes Of operational Interest 
(STS and geostationary) and, In part, are further Increased by the formation 

s *. prodo ? ts ^f rom between and amongst man-made objects 

and the resultant change in flux and flux density. It is theoretically 
possible that, through mutual collisions, man-made debris can become self- 
propagating. 


As nations explore and then exploit the use of objects In space to their 
iff e I 1 i: they must necessarily place objects into space and thereby extend 
the natural flux. Although the net population (natural plus man made) is 
increased, there Is no meaningful Increase In the overall hazard probability 
due to the useful objects. However, the attendant increase In thepopulation 

JLS!s3i4*w m f5“? dde ? b ^® 5 j s ca !) increase exponentially, with the Increased 
Jffiii 1 "ll of Impact .with useful objects (and the equivalent reduction of 
us f ful obj !£ ts <* nd the equivalent reduction in their mission 
capability). Because there Is no physical means presently available to 
remove, or otherwise dispose of man-made debris, it behooves all nations to 
take appropriate action to exercise some form of control over any unnecessary 
increases in the overall population of man-made objects. Until means 
physical disposal are develdped, it would be expected that NASA and other 
international, space related institutions would jointly pursue actions which: 


- reduce unnecessary space object propagation, 

- develop a better understanding of the natural background and its 

dynamics* 3 


- develop a better understanding of the potential hazard from future 
propagation of man-made objects* 

- develop a better understanding of the mission effects of operating 

spacecraft within the combined natural and man-made object popula- 
tions, and — Hr** 


- develop a better understanding of means for physical removal (or 
other disposition) of man-made objects. 
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PQUCY IHPlEKENTATtON 

Te be Iropleroentable, a policy should have the following properties: 

- a valid purpose, 

- practical objectives, 

- Institutional representation* 

• delegated Institutional authority and responsibility, 

- defined control parameters, and 

- means of enforcement. 


The purpose, or need for a debris related policy Is embodied in the 
recognition that. If uncontrolled, man-made debris can become a prime 
factor in limiting, or even Inhibiting *he future use of spacecraft. 

space program missions need not be compromised. 
s ?? e * mmed ' iate future period that the seeding 
can take place which could result in long-term deterioration of future 
mission Opportunities. It is therefore prudent and timely to adopt 

ano f e 2 sible Practices which avoid those totally unnecessary and 
tl a9r J!! t I?™ 8 °* debrls Propagation. This approach may alone pro- 
time . f °r tb ® research and development necessary to bring the problem 
under control and yield continued growth in the virtually unlimited 
opportunities for the beneficial uses of space. 

£l^!??L poTi ?£ ob Jf c Jives require an extensive iteration with the user 
It inust be agreed that the objectives are not only possible, 
b“t that they serve comnunlty interests and that they will not incur costs 

*L? t 5h r i 1mP ? ifl1 ? , I tS th J t W ? uld j eopardize the ability of the community to 
meet their objectives, further, the objectives must support practical means 
or enforcement. 


effective, the _ Implementation mechanisms must be appropriately 
embodied within the institutional structure. Given the international 
character of the policy objectives, it follows that the institutional 
structure csxt be profound and complex. Without attempting to orchestrate 
this structure, it must nonetheless contain the following basic elements: 

“ upper management hierarchy to administer the policy, 

- a service operation that "measures'* the current debris population 
and assesses planned mission collision probabilities, 

“ • ' technical operation that assesses collision and incurred damage, 
the resultant mission degradation, and/or any secondary debris 
propagation and its affects, 


- a program management operation that assesses the 
degradation and or secondary debris propagation, 
the resulting decisions. 


acceptability of 
and Implements 
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POLICY CONTROL PARAMETERS 

It is postulated that there Is some allowable limit to the population 
level and altitude distribution of man-made objects in space. At any 
point In time, this population would include the projected number of 
currently operational spacecraft plus that distribution of debris which 
does not reduce the mission success probability for each operational 
spacecraft below an acceptable level. In the absence of debris* the 
number of concurrently operational spacecraft could be virtually unlimited 
(being under constant control and, at the present time, being the mueh 
smaller portion of the total man-made population). In the presence of 
debris. It is conjectured that there is some limiting level of debris 
distribution where the statistical probability of collision with each 
operational object (and the related probability of mission degradation 
for that object) is such that the probability of mission success for 
any operational object could fall below an acceptable level. Such a 
limiting value could be developed and established as a specific objective 
to be met and maintained through debris policy implementation. 

From the presently available data base it is estimated that the likelihood 
of arriving at a limiting condition is several years into the future. This 
limiting condition has been dramatically aggravated by the occurrence 
of untoward explosions and fragment propagation, a practice which should be 
avoided if at all possible in the future. 

The debris population at any point in time is a function of the following 
typical parameters: 

a. the current population of operational satellites, the projected 
population of new satellites, and their respective operational 
lifetimes (after which they become units of debris). 

b. the current debris population, the projected debris added during 
the deployment of new satellites, the occurrence of any self 
propagation due to mutual collision, all subsequent secondary 
debris products, and the rate at which units Or debris may reenter 
due to orbital decay. 

The probability of degradation of any operational satellite beyond a useful 
level of capability is a function of the following typical parameters: 

a. the probability of mutual collision or collision with debris. 

b. the probability that the operational satellites(s) may incur 
physical damage and the extent to which such damage may con- 
tribute to the debris population. 

c. the probability that the damage Incurred to the operational 
satellite(s) will result In degradation of mission performance 
below an acceptable level. 

d. the determination of an acceptable, degraded level o^ performance 
for any one satellite. 


415 


POLICY CONTROL PARAMETERS (COntiaufid) 

r sssr 

™ s ;^ SKI IS^VhiSJ.uW 

^^c.rr4n«Jr, » & m 1 w^-sr 

measures could include the following. 

a. "hardening" of the vulnerable satelHte(s), if they are yet 
to be launched. 

b. delaying the launch of the vulnerable satellite(s) until 

the projected debris population abates to an acceptable level. 

c. reducing any tendency for the satellite to generate secondary 
debris particles. 

d. physically ehanjioj the projected debris population before 
the projected launch of the vulnerable satellite(s). 

Note* Collisions occur at a statistical average of 10 

hypervelocities* a .01 grn particle.; * th * 1 < 35 A ?? lb) 
a kinetic energy of approximately 50 kg. meter (or 350 rt.iD;. 

The subsequent impact involves a complex energy tra ?| f ®r -JSeteristics 
cause considerable primary damage, depending U P°" *5® 1 S 

of the spacecraft material and structure. Some S Th «,o 

transferred in the form of secondary debris products (ejecta ) . 

temDerature.hidh velocity particles can* in turn, add to the net 
SoSlllSn Sr“ if thS primary structure i s 

damage to secondary structure. Successive P en f ^ a JlJ n ! f. r J er 

cascading effect and the area of secondary damage can be much larger 

than the area of primary damage. 
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POLICY IMPLEMENTATION ACTIONS 

The following list of statements present an array of typical actions 
required to Implement the preceding statement of policy; 

(outlaw) all deliberate* planned explosions (offensive or 
defensive weapons, disposition of spent space systems, etc.) 

2. Inhibit (outlaw) the deployment of payloads which, In turn would deploy 
very large numbers of long-lived, Independent elements (shrapnel, 

wire shredding, chaff, ete,). 

3. Prevent and protect against the possibility of accidental explosion or 
detonation of any space system employing potentially explosive elements 
to perform its mission (rocket stages, propulsion systems, hyper- 

StoJSge U |ystemsri£c?) mbuSt1ble 938 mixeg * ^ pres$ure n ° 1d 


4 . 

5. 

6 . 


Avoid, minimize, or otherwise reduce to the absolute minimum, the 
number of elements of a space system that must be released Into space 

'!L^?.f Pro £ g ff ^ deploying and Initiating that system (marmon clamps, 
retention bolts, shrouds* covers, panels, etc.). 


Avoid, minimize, or otherwise reduce the release of solid particles during 
the period of operation of a space system (solid propellant combustion pro- 
ducts, pyrotechnic devices, waste dumping, fluid bypass or overflows, etc.). 


Tether, articulate, or otherwise retain all equipment to be used In an 
EVA operation or in robotic association with spacecraft servicing (service 
systems, tools, cameras, test gear, and other devices). 


7. Design for and provide positive means for the debris free disposition of 
spent space systems: r 


- self reentering 

- self maneuvering to a predetermined disposition area (dump or soent 
system cluster) 

** interface compatibility with an available propulsion stage capable 
of performing the above mission maneuvers 

- planned reuse of spent systems in other, committed to space 
programs . 

8. Continue to explore and investigate new, innovative or other unique 
methods of increasing the effective capacity of earth orbital space: 

- multifunctional space systems (platform concepts, space operations 
centers, serviceable satellites, etc.). 

• unused orbital domains (circular. Inclined, and or ellptical. 
Inclined geosynchronous orbits). 

9. Establish means to measure and predict the man-made debris population: 

- dedicated tracking and data acquisition systems 

- in-flight (space) measurement systems 

- statistical modeling and prediction systems 
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PQUCV IMPLEMENTATION ACTIONS (continued) 


10. Establish means to assess and predict the compatibility of projected 
future space systems with the correlating prediction- for the net 
population of man-made objects: 

t 

- determine collision probabilities 

n determine spacecraft/system damage probability 

- assess spacecraft/system performance degradation 

- assess acceptability of performance degradation 

- Implement any related program changes 

11. Continue and Improve the means for assessing and predicting the 
compatibility of projected future space systems with the correlating 
prediction for the natural background, 

12. Assess the Interplay, if any, between the total population of space 
objects (natural and man-made) and the earth's natural environment 
as regulated by the environmental protection agency. 

13. Establish ways and means to arrive at a practical Implementation of 
space utilization policy on a world-wide basis: 

- adoption and enforcement throughout NASA (all program and 
project offices, field Installations, etc.). 

- adoption and enforcement throughout other U.S. space using 
organizations (DOD, NOAA, etc.). 

- Adoption and enforcement over international customers provided 
space services by the U.S. 

- Adoption and enforcement by other countries and international 
organizations with Independent means of Implementing spaceflight 
operations (USSR, ESA, France, Germany, Japan, China, etc.). 

- Adoption and enforcement by countries who develop space systems 
and are dependent upon nations other than the U.S. for space 
launch services or other space services (world-wide national 
potential). 


Note: Some of the above actions (1-6) may be beyond NASA's jurisdiction In 

which case they might be regarded as initial positions for subsequent 
negotiation. 
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ENVIRONMENT DEFINITION, LARGE PARTICLES 
DON KESSLER 


The orbital debris environment of objects larger than I sq. met. In Low 
Earth Orbit (LEO) is fairly well defined. Objects of this size and altitude 
sre tracked by NORAD with sufficient accuracy that collisions can be avoided 
by maneuvering a spacecraft away from regions of close approach. However for 
sizes smaller and at the higher geosynchronous altitudes, the environment Is 
not so well defined, and must be approached statistically. 

In LEO, there Is some knowledge of the number of objects down to about 
0.1 sq. met. However, for smaller sizes, the uncertainty In the number of 
objects increases. Below 0.001 sq. met, the environment Is totally 
unmeasured. Because of the history of past explosions In space, there is 
reason to believe that there is currently a significant source of debris 
between sizes 1cm In diameter and radar cross section 0.001 sq. met. By the 
1990's, there is a possibility of a significant source of smaller particles. 
Depending on the nature of the spacecraft system being impacted, particles as 
small as 0.1 mm (100 ) could cause significant damage. 

In order to determine if a significant number of these particles exist, 
or can be realistically produced, to cause a problem, a combination of 
modeling and data gathering is required. 

Perhaps the most direct technique of obtaining some measure of the 
current population, while at the same time understanding the significance of 
the environment, is to examine the history of spacecraft failures and 
breakups. It is generally believed that no spacecraft have failed as a result 
of collisions. If so, then an analysis of what constitutes a failure, 
combined with some environmental modeling would provide an upper limit to the 
current environment. However, it may not be obvious that the failure of some 
spacecraft component was due to penetration by a small particle (e.g., the 
failure of the Voyager camera control as Voyager flew through Saturn's rings 
cannot be proven to have been caused by a particle impact). Therefore, it may 
be appropriate to reexamine some spacecraft failures for the possibility of 
failure due to penetration. This could lead to a more realistic estimate of 
the current environment. 

In addition, hypervelocity fragmentation data should be researched and 
modeled to predict what a "collision signature" should look like from the 
ground. The fragments orbital characteristics and sizes may have unique 
characteristics when they originate from a collision. The existing data of 
satellite breakups and anonymous events could then be examined for those 
characteristics, leading to another possible determination of the existing 
environment. However, depending on satellite failures and breakups to warn us 
of an impending problem could be very short sighted, (like a swimmer who 
refuses to look for sharks, but waits to be bitten, the situation can get much 
worse very fast.) For this reason, other data are required. This data should 
be modeled to project future population trends. Model assumptions should be 
tested by further experiments. 

As future breakups occur, there will be an increasing need to analyze the 
data generated by these events. A procedure needs to be set up with N0RAD so 
that the paper data is delivered to those responsible for analyzing the data, 
which could be either N0RAD, NASA, or D0D. However , there should be an 
interagency sharing of data available from N0RAD. 
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NORAD should perform routine tests on a non-l-n-terferlng basis. ^Some 
radar or optical systems could be designated to take snapsho s or 
statistically sample the smaller population. Or the analysis and data 
reduction of smaller objects detected by NORAD could be performed by other 
Interested agencies. Existing data at NORAD could also be fnalysed I by these 
agencies. This could alleviate some of the problems which NOR AO has In 
cataloging small objects, objects In highly elliptical ®rblts, - and * 

high altitudes, while providing the other agencies with the Information they 
require. More dialogue with NORAD would be required to fully explore these 

possibilities. cr j tlca j nee d j s t0 have more data. Some untaped data 

sources may exist in the classified world, and should be explored. 

In GEO, the critical needs are for botn more data and more modeling. 
Neither of these two areas have progressed to the point that we believe that 
we understand the environment in GEO. As the GEODSS system becomes 
operational, more data will become available. 
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A prediction of the future population of satellites, satellite frauinent* 

afterthfee\oSdftfnn!S d6br l l S 1n eartb orbU can be rel1a bly madAnly ' 
arcer tnree conditions have been satisfied' 111 the <h»« jm/cnjn a i 3 

present-daytime \zV J® arth “ drbU1n 9 objects are established 5t soil© 

tbe Processes of orbital evolution, explosions 
aid 6 m a l ty f ^agmentatl on , and atmospheric drag are understood, 

JwJlL'Iif 5 ?" 8 ?' 6 tPifff <= "xler for thd futurd launch rate of earth- 

quantU?es b as C “lni2t a rilf?S d ' Th ? theoretician will then take these three 
Muantuies as Input data and will carry through the nec»ssarv 

po^mU“tnt2 thrfit5?e.*" a ' y5eS t0 Pr ° jeCt thc <> r «ent-day ° rl>Ua > 

(5) ^ln: ta TSrk^ U L;r?n5L^f1H r the : s^ec?^'aSd r 

pope ation detected and tracked by NORAo!(2) ,»S«Mno of We !rb^ 

* L spacecraft shapes, (5) th? samplin^f the 

t h 4 P r etr t 10 " environment by the Explorer 46 satellite (includinq 
mlteoriid m^t^hu? 1 ?. i h J t . ma " y of tbe Penetrations are due not to 9 
roacec?lft ? 7 W h f de ? n ^ (6) the hl 'storical launch rate of 

u^oludl; other^'Vnowns'^not^l isted S here? ndUCted ASAT t,M ‘- There *" 

hJfn^ n hr° Wn f" muSt 5 e assun,ed by the theoretician as part of his "model" 

X f r: 0 u h id c r a : S u p u!in sai^frSJ^’^ri- wh n.^ e they? 

the size distribution of fragments very well! and we’ ha ie t^extJapolate 
Iztrt ?« r 9 r ° und_ based impact tests at low impact velocities. We probably 

SKSFsTv? - m S 

P«osive fragmentations, and there have been ASAT tests In 

pop5 y Ju^n nOU IfT b lL W h kn °K practi ? an y nothing about the fragment 
^ 0 now 1 h ;;r , hav ? b - exp osions at geosynchronous orbit, we 
are unable to Tbey ev f n 1oose ent 1 re spacecraft out there and 

but must make ar assumption^bout^hari t^i 1 rbe!' it Th!t t frgoing°to 1 hi5e 

“S "s^ttneTo:°^AT M ? k "“ ^ ^ il.K SStSn" 7 

a '' e • but 1 be ' icv ' > w ca " iMke a " 

What needs to be accomplished then? These are some items that our workino 
group came up with, although we didn't really assign priorities themat 
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the time. Therefore I have prioritized them from one through ten here 
using my sense of what I thought the group felt were proper priorities. 
These may, of course, be rearranged. 

1. We were all Concerned about our lack of knowledge of the 
current earth orbit population of small particles. We 
extended that concern- down to 100 urn particles 
diameters* but we are parti ularly Interested In the law 
to 10cm range. We would like to have that knowledge as 
Inputs Into our modeling, but also, to some degree, to 
test our modeling. That Is, we have obtained a small 
particle population as an output from modeling previous 
Inputs and we would like to do some testing of this 
modeling. 

2. What differences, If any, exist between fragments 
determined to be derived from Internal explosions and those 
derived from In-Space collisions? Can we somehow recognize In the 
N0RA0 data - especially the one prepared by John Gabbard - that 
there Is some unique signature that can tell us that one. 
population of particles is due to collision and another population 
Is due to some Internal energy process? Right now we don't know 
of any unique signature. 

3. Continue and expand special analyses such as John Gabbard has done 
of the N0RA0 radar data. 

4. Do additional in-space object detection tests with a ground-based 
radar to better characterize small objects. 

5. Do additional parametrics studies. What assumptions give rise to 
worst case space object hazards? We need to find out what kind of 
assumptions regarding size distribution, or what type of 
activities, such as ASAT tests, really give rise to the worst 
case. This may mean that we will want to gather more data about 
processes leading to worst case results, perhaps on high priority 
basis. 

6 . Project far Into the future to 200 or 1000 years from now. Do the 

modeling and see If we get any unpleasant surprises. Are we 
getting ourselves Into some kind of severe and Irreversible 
problem? We need to take a look at that. For example, how 
Important are cascade processes? We not only have 

spacecraft colliding with spacecraft, fragments colliding with 
spacecraft, but fragments colliding with fragments, and so on down 
to granddaughters. How Important is the traffic model in this 
larger projection? 

7 . Examine hazards to a specific space mission . For example, can we 
safely build a solar power station in low earth orbit and then 
move it up to geosynchronous orbit? 
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Examine the Interaction between orbital transfer vehicles and 
objects In geosychronous orbit, and with objects In low earth 
orbit. 


9 . 


Look for more efficient numerical teehn-lques to accomplish the 
modeling so we can quickly Investigate a wider variety of 
parametric variations. 


10 . 


This Is kind of a political one. We believe that there Is enough 
work to be accomplished so that not only should all the current 
activity be continued, but that additional people should be 
energetically Involved In extending and Increasing the analyses. 
Different groups typically looked at different problems. They may 
look at the same problems with different techniques. A tremendous 
advantage with more people Is that once one group gets a new 
result It can be quickly confirmed by another group The confidence 
of the rest of the space community In the results obtained will, 
there fore, be much enhanced. 


& 
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Concerning the measurements required for a better definition of the debris 
environment, the panel chose to divide the debris population Into large and 
small regimes. Large debris Includes 10 centimeters. The source of data 
for this size range are the existing NORAO optical and radar systems. The 
regime of small debris objects Is chosen to be the range from about lmrn to 
10cm. We currently have no source of data for this size range. Direct 
measurements of the small debris population from ground based systems and 
satellite based systems are concernable. Indirect measurements could also 
give Information about this size range. These are laboratory measurements 
designed to give some reality to models which estimate the number of 
particles produced from an explosion or an Impact. 

As mentioned, NORAD Is the source of data In the size range above 10cm. It 
was brought out In the panel discussion that not all of the NORAD data is 
analyzed. That Is Interesting from the point of view of establishing a 
complete census of all the debris that can be detected by NORAD. NORAD 
discards uncorrelated or uncataloged data after a period of time, simply 
because these are partic.es that are too small to be of significance 
relative to their mission. Analysis of this data would expand our catalog 
of objects in the 10cm and longer range. Who would do this analysis Is not 
the subject of this meeting. It might be that another agency would have to 
take on the job of saving the uncataloged data, and carrying the analysis a 
step further in order to expand our knowledge. A significant point in the 
panel discussion was that NORAO might not continue to analyze breakups in 
the same way as they have in the past. If this analysis doesn't continue, 
we will lose important evidence for explosions and collisions. It may 
start up again in the future, 1987, when SPADOC becomes operational, but 
in the meantime, there is a possibility of a gap. We should pay attention 
to this possibility, and not let it happen. 

The last topic relative to NORAO is the PARCS tests. These have been 
extremely useful in giving us statistical data on the population at the 
small end of the NORAD capability. The group felt that these tests were 
important, and that they should be continued, perhaps on an annual basis to 
see what trends develop. They are very useful tests and the group highly 
endorsed continuing them. 

For small (<10cm) debris particles the lower limit size of interest was a 
matter of debate within the panel. Everyone could agree that 1cm was 
certainly a dangerous particle size. Impact by a 1cm particle would be a 
definite problem. Below 1cm, the lower limit was questionable. The Impact 
of a 1mm particle might or might not be significant, depending on the 
relative velocity and the position of impact on the spacecraft. So at any 
rate, the lower limit is certainly at least 1cm, and perhaps is as low as 
1mm. Insofar as ground-based measurements of small debris. It appears that 
there is a possibility that the GEOOSS system may be capable of collecting 
new data in this size range. One of the actions that came out of the panel 
was to study the GEOOSS system and determine its capabilities. We might be 
able to collect data with that system on a noninterference basis, to 
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support the census of the small debris population. There was a paper In 
this session on optical systems optimized for small debris particles. An 
optimum system should be able to collect data on sizes down to about 1cm, 
Perhaps the 6E0DSS system is already optimized* and has the capability to 
get the data we need. Satellite-based measurements offer the best 
possibility for measuring debris In size ranges down to 1mm. The Shuttle 
platform Is attractive from the view of costs and availability. It Is not 
the best place to do the measurement, simply because the Shuttle Is 
constrained to relatively low orbits. This means your Instrument doesn't 
fly among the particles it Is looking at, but has to reach out and sense 
them from a distance. This makes a difficult experiment. The group felt 
that the possibility of a Shuttle experiment should be looked Into 
carefully. Free-flying satellites are the best way of measuring small 
debris particles, but suffer from the problem of cost. It Is more 
expensive to build and fly spacecraft in the right kind of orbit for this 
measurement. A piggy-back instrument, to be flown as a passenger on 
various spacecraft seems the most economical choice. 

Indirect measurements are those which do not measure particles directly in 
orbit, but are laboratory measurements which support and extend the model. 
What we are Interested in in these measurements are the particle size and 
the velocity distribution that result from explosions and high velocity 
Impacts, particularly high velocity impacts on spacecraft structures. 

These results can then be fed into models of the debris population. One 
point brought out by the panel was that some work has been done in this 
area, but Is reported only in the classified literature. We need to review 
that literature very carefully before we proceed with future measurements. 
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Jack Hartung/NASA Headquarters, CL~4 
Eberhard 6rlln/MPI-F(Jr Kern Physics 

WHY IS ENVIRONMENT IMPORTANT ? 

The collection of particles of diameters one millimeter and less far outnumbers 
the larger particle distribution in orbit. These small particles cannot be 
tracked from ground based radar as can the larger debris, therefore, there is 
greater uncertainty in their properties. The population is growing from 
contributions due to collisions of larger debris, explosions, and aluminum 
oxide particles from solid rocket motors. The solid rocket motor contribution 
is the prominent growth parameter, and the input from Space Shuttle deployed 
upper stages will range between 50,000 and 100,000 pounds per year. 

The environment is important because of the different design problems that 
will be posed to the engineer and scientist. For the engineer the emphasis 
shifts from catastrophe design, probability versus exposure time, and tracking- 
avoidance, to a continuous degradation problem. Penetrations will occur in the 
upper sizes of this population (~ 1MM), however, the major problem will be 
erosion of surfaces. This will alter the ratio of radiant energy absorption 
to emittance and subsequently impact thermal control. Glass surfaces such as 
windows, lenses, and mirrors are much more sensitive to this environment 
since they can quickly, with very little erosion, lose a significant amount of 
their optical quality. That is, not only is transmittance and reflectivity 
affected, but visual quality is reduced and instrument "noise" increased due 
to light scattering and diffraction from the microscopic damage sites. 
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For the experimenter, this environment represents background "noise" which 
may compromise his experimental objectives. These particles, of course, 
generate an electromagnetic environment due to their reflection and radiation 
properties, and many experiments are specifically designed to measure 
electromagnetic radiation, therefore, the experimenter is immediately faced 
with a problem of "cluttering" In his optical path. For the experimenter 
who wisnes to observe the natural particulate environment of cosmic origin, 

the manmade contribution to this population will compromise his measurements 
as wel 1 . 

In summary, for short lifetime, low earth orbit (LEO) types of spacecraft, 
this environment, in most cases, will be negligible. However, with the 
advent of the Space Shuttle, space stations, and reusable orbit transfer 
vehicles, the planned stay-time in LEO will be increasing as well as the 
Timber density of particles. These two factors combined 

yield the conclusion that this environment is now a significant design problem. 

HOW WELL IS ENVIRONMENT KNOWN ? 

As mentioned earlier, this environment cannot be observed from ground based 
instruments. A space based instrument is absolutely necessary for accurate 
measurements, and, to date, only very limited data is available. Stratospheric 
collection by high altitude aircraft has yielded substantial data on this 
environment. Unfortunately, however, the size selectivity of atmospheric 
dispersion upon entry of these particles, the different initial conditions of 
manmade debris versus those of cosmic origin, and the selectivity of the 
collection technique all combine to negate the possibility of determination 
of relative size distribution and relative composition of the orbital 
population. Stratospheric collection does offer an excellent opportunity to 
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return representatives of this population to the laboratory for chemical 
and physical property determinations of individual particles. 

Another factor which will make this environment difficult to quantify Is 
the as yet undetermined time dependance of the population caused by the 
burning of solid rocket motors and the fragmentation of larger debris. Of 
the two, fragmentation Is probably best known and could be easily Improved 
upon by performing some experiments; however, it Is believed that the largest 
contributor to the Mme dependance will be the solid rocket exhaust particles 
and not the fragmentation problem. 

There are two effects expected from the burning of solid rocket motors in 
orbit. One is a long term buildup by that portion of the exhaust particles 
that happen to be ejected into long lifetime orbits; the other is a short 
time increase caused by those particles injected into orbits with perigees 
low enough to enter the earth's atmosphere and, over a short period of time, 
be removed from the orbital population. 

Inability to ground track, lack of orbital measurements, and the time dependance 
make this environment less well known than the large debris environment (> 1MM). 
It was estimated that the physical properties of this environment were known 
only within an order of magnitude. The critical area of uncertainty is the 
manmade portion of this environment: the production and reduction rates and 

the physical characteristics of the current population. 

TESTING REQUIRED 

GROUND BASED - Fragmentation tests, both collision and explosion are required 
unless it can be shown that this contribution is much less than the solid 
rocket motor contribution. 


SPACE BASED --As mentioned earlier, only a space based experiment can be 
expected to yield the data required. The working group considers such 
experiments mandatory In order to define -the environment. These measurements 
should be designed to measure the short term effects from an upper stage as 
well as the steady state environment. It would also be beneficial to examine 
any spacecraft returned from orbit. Procedures should be established to 
accomplish this Inspection and make other organizations aware of our desires. 

RECOMMENDATIONS 
o Upgrade current models 

o Perform additional stratospheric cosmic dust collections with larger 
collector (~ $140K for collector) 

o Support NASA/FRG experiment (.. $4.8M) to measure short term environment 
(Approval still tenuous) 
o Establish interagency working group 
o To coordinate and disseminate 

o To serve as co-principal investigators on experiments 
o To share funding/eliminate duplication 
o To build broad base of support 
o To publish findings 

o Perform fragmentation/collision experiments 
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1.0 DISCUSSIONS 



1.1 The panel considered the elements related to Hazard Assessment shown In 
Figure 6 of the proposed JSC 10-yr Space Debris Assessment Plan, i.e., Systems 
Damage Criteria; Impact Damage Assessment; and Mission Success Assessment 
Algorithms. 

1.2 Section 2 of the 10-yr plan schedule (Figures 5-2 and 5-3) was reviewed 
for validity of the research elements; accuracy of the proposed effort and 
cost; duration of the task element; and interaction with the other elements 
of the plan. There was no specific discussion of whether NASA, DOD, or 
industry should perform the proposed tasks 

2.0 B ACKGROUND 

Before getting into the comments, it is important to reiterate the purpose 
of the 10-yr Debris Assessment Plan. 

The plan was requested by NASA Headquarters as a pre-requisite to a decision 
on whether to formalize an Agency space debris policy or not. The existence 
of concentrations of space objects in low earth orbits, 4cm in diameter and 
larger, is incontestable. The extrapolation to related populations of sizes 
to 1mm diameter, and even smaller, was viewed as not based on firm evidence. 
Also, given the existence of a debris environment in low earth orbit, it's 
significance to proposed space activities was not clear. The mere calculation 
of an impact probability is not synonymous with catastrophic failure. Thus 
there was, and is a need to answer several questions in relation to the space 
debris issue, before any agency action/policy can be formally adopted. The 
encouragement to produce the 10-yr plan, the funding levels already authorized 
by two Headquarter's program offices, and the high level support given to 
the Orbital Debris Workshop is evidence of a de-facto recognition of the sub- 
ject in NASA, as well as the DOD. 

Figure 6 of the lC*yr plan document lays out the building blocks leading 
to space debris decisions at the various National & international levels 
ultimately involved. The Mission Success Assessment Algorithms combine the 
current environment definition (flux vs size; velocity distributions at various 
inclinations; flux vs altitude and inclination), with penetration equations 
relating to the various spacecraft systems exposed to impact, their impact 
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failure modes, and mission vulnerability/survivability specifications. It 
should be understood that for the objective of the 10 yr plan, spacecraft & 
system design criteria are generic in nature, The process of determining 
the success or failure of a proposed real mi ss Ion would be dealing with a 
specific spacecraft design and possibly unique system elements. 

3.Q COMMENTS 

.3 . 1 Im pact Testing 

There will always be a need for Impact tests on specific vehicle components, 
both low velocity and hypervelocity. Generalizations with regard to typical 
components are not possible, although some spacecraft, i.e., the Multimission 
Spacecraft and its basic components can be considered "generic". Also, there 
are new systems, new operational procedures, longer life requirements, repeat- 
able duty cycles, etc. Although we may need a new "breed" of tests, it is not 
necessary to re-do everything we have done so far. It was generally agreed 
that hypervelocity impact penetration equations are required for new materials 
being used in space structures, specifically the composites. An Interesting 
opinion was that the need for testing depends upon the "end-item". Penetra- 
tion equations relating to generic shielding concepts and systems are required 
for paper studies, i.e., preliminary investigations for program management 
decisions. However, the survivability assessment of an actual space vehicle 
will most probably require impact tests of actual system elements. 

3.2 Systems Damage Criteria 

System damage criteria will have to be re-established for the new breed of 
space vehicles because reusability, recycling and refurbishment have affected 
the designs. A prime example is that the Apollo fuel tanks were allowed to 
sustain wall damage from meteoroid impacts up to a 25% reduction in thickness. 
The Orbital Transfer Vehicle Study by Boeing, with a requirement for repeated 
missions with a tank set, could not permit any wall thickness damage by 
meteoroid or orbital debris. System damage criteria are established by safety 
and reliability failure modes, and as such, are usually outside the domain 
of the mission success analyst. For preliminary studies, these criteria can 
be obtained from generic impact related system failure data. When it comes 
to assessing actual space vehicle survival probabilities for the meteoroid/ 
debris environment, specific system damage criteria will have to be obtained 
either by impact test, as mentioned previously, or by minimum system perfor- 
mance requirements imposed by other disciplines. 

3 . 3 Mission Success Assessment Algorithms 

Although it was generally agreed that mission success assessment algorithms, 
based on environment data, impact equations, and systems damage allowables 
were possib’e, it was pointed out that overall mission success was more than 
just an orbital debris number. Also, within this limited framework, the 
definition of "success" levels or survivability classes, must be clarified. 
There are several interpretations of a successful mission and specific 
criteria must be established for use in the algorithms, to allow program 
managers the flexibility to decide what they can afford. Again, the Apollo/ 
Skylab era single mission criteria for survivability may not be applicable. 

It is generally agreed that the "building blocks" leading to mission success 
assessment was acceptable, as each element was a necessary sub-set. 


3 . 4 Literature Surve y 

The need for a literature survey was brought out by those who are currently 
having to calculate space vehicle or platform hazard assessments for the 
meteorold/orbital debris environment. It was stated that low velocity 
equations are readily available from such sources as the BaUistie Research 
Laboratory (BRL)» Battelle, and any organization wor-king in the area of 
personnel armor research. In the field of hypervelocity data, there is 
a strong requirement to catalog both the classified and unclassified research 
done up to the present. The 000 has made a start on this and Southwest 
Research Institute has completed a classified literature survey. A biblio- 
graphy of reports dealing with the research completed between 1962 to 1970 
will be provided in the report of the Orbital Debris Workshop. 

3 . 5 Section 2.0 of the 10-vr Space Oebris Assessment Plan 

The panel was asked to review the 10-yr plan and to provide a marked up 
copy to the Workshop chairman. There was not enough time for a very critical 
review of the document, however, section 2.0 of the schedule was discussed. 

It was the general opinion of the panel that Section 2.0, taken together 
with Figure 6 (the building blocks), made sense. Specific changes were 
marked up and are attached to this report. 

4.0 RECOMMENDATIONS 


4.1 Obtain hypervelocity impact test data and derive expressions for hazard 
assessment of spacecraft elements using "new" materials, specifically metallic 
and non-metal lie composites. 

4.2 Take another look at allowable damage criteria derived during the Apollo/ 
Skylab era, as they may not be applicable to current technology and operating 
modes. 

4.3 A literature survey and data base for all applicable hypervelocity 
impact data is a very important asset for future hazard assessment. The 
existing level of effort in the 10-yr plan is equivalent to 1/4 man year 
and should be at least doubled. 

4.4 Survivabil ity classifications corresponding to various levels of mission 
success should be identified for civilian operations, as they are for the 
military, e.g. "class B" ki’l for military aircraft & helicopters corresponds 
to the pilot still alive, aircraft flyable, and a return to base possible. 

4.5 Clarify that "mission success" in the 10-yr plan refers only to the 
meteoroid/orbital debris issue. 

4.6 Hazard analyses shoeld attempt to use existing, typical, i.e. , generic, 
hypervelocity impact equations, and systems impact damage data whenever possibl 
Testing the actual spacecraft element for survivability in a simulated debris/ 
meteoroid impact should be the second choice. 



FIGURE 5-2 - SCHEDULED ELEMENTS FOR ORBITAL DEBRIS ASSESSMENT 












FIGURE 5-3 - SCHEDULED ELEMENTS FOR ORBITAL DEBRIS ASSESSMENT 
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POLICY CONSIDERATIONS 
DENNIS FIELDER 


Wo, as the largos t working group, operator! as a small Jo ring 
Circus. I ha vo at temp tog to consol i ha to all tho developed wi shorn 
and knowledge. 

K *>• can have tho First chart pi pa so, Qno of th« things tho 
group gig was to compile a list of existing policy. Tho list 
otneompa sses both policy with a capital "P" such as pposigpntial 
directives, and policy which is accountable by internal NASA and 
{probably) internal Air Force regulations and policies. The 
thought being that perhaps within the context of these policies, 
and perhaps others, there is already room to address aspects of 
debris. Perhaps in the long term context we may not be seeking a 
sped 1c capital "P" policy on space debris, but perhaps Appendixes 
to existing policy. I should address perhaps items 1 and fl 
because they relate to present policies under which this whole 
ae 1 1 v t ty has taken place. The list of NASA Internal action 
assignments are essentially structured by a letter from the 
associate admi ni strator requesting Mr. We.ss, Code 0; and Mr. 

Smylie, Code T; at headquarters to address the Subject of space 
debr i s . 

Code 0 was to focus upon low earth orbit and code T w:s to focus 
upon geosyncrounous orbits. That is the institutional 
arrangement under which all the activities have taken place 

to date to my knowledge. 

By observation, Code 0 no longer exists. It has been absorbed 
into Code M and therefore, the existing letter which is over 2 
years old is no longer accurate in terms of establis'inq a 
continuing action activity. Further reflected in the internal 
commitment, which again is a form of policy, are the three 
sources of funding which we have enjoyed and hone to continue to 
enjoy: the development of a data base and the collision 

statistics by the code M, the database and statistics relating to 
geosyncrorous work by code T, and work which is just starting 
into the materials in the hyperve 1 oc i ty impact research by Code 
R. So that perhaps the question is the status of the internal 
operations which NASA has enjoyed and whether that needs to he 
reinforced with more current letters of assignment, or perhaps 
some form of NM I which establishes the subject. Going to the 
next chart. I am afraid there are some apples and oranges here 
in terms or what might be policy and what might he procedure. 

But in terms of policy or policy development a point has been 
made that the requirement for any commitment to domestic or 
i nte *na t 1 ena 1 policy pertaining to debris is going to be 
dependent on the development of the information on the debris 
population, the collision probability, the propagation 
probability, and the collision hazard, These are some pivotal 
data which determine the need for, and the form of future debris 
policy. Ihis is character i zed hy noting that the present catalog 
of orbiting objects (4500) does n t support the short term demand 
for a debris related policy directive because the risk isn't 


apparent to that extent. The requirement for a specific debris 
related policy In the lonq term seems to relate to the knowledge 
we pot on the unknown factors of the population. The degree qf 
credibility associated with policy requirements Is whether the 
population remains a constant population or whether It has 
exponential growth. Mission related considerations, In terms of 
establishing debris related risks, Involve specific spacecraft 
design aecessment In terms of the debris effects. This may be 
difficult to arrive at because wo won't have the system designs 
In hand at the time we are trying to access the Implications of 
collision damage. Somehow we have to address the difference 
between determining things that are statistically accossablo an 
determining things which are dependant on system design. 

Another consideration Is the difference between geos tatl onary 
orbit and low earth orbit. Operational procedures are being 
considered and Implemented towards physical disposal from the 
geostationary orbit. However, the thrust behind Implementing 
these dispositions Is much more Influenced by the user community. 
The economic significance of the geostationary orbit has probably 
given that subject much more attention In terms of RF spacing 
than In physical crowding. Nonetheless, there has been the move 
to put policy Into effect there; and that Is not bad. However, 
early policy decisions with respect to the geostationary orbit 
should not set any precedent for what we believe to be the 
disposition requirements In low earth orbit. Any low earth orbit 
policy should not be established by the precedent o f whatever Is 
going on in geostationary orbit. 

There was a concensus, or I think it was a concensus because I 
didn't get involved in the total discussion that there should be 
a lead center, or a lead agency to focus and coordinate all the 
types of investigations that relate to debris Including; the 
information exchange, the general activity planning and the 
coordination and development of the civil policy approaches, and 
that NASA was the appropriate lead agency to do that. This all 
remains to be seen. 

The timing in the emergence of any policy is critical, especially 
in the emergence of issue and policy debate, until the technical 
Information needs are well established. We have to understand 
all of the technical issues associated with debris before we 
should start moving into international arenas with any proposal 
for policy and we should certainly try to get our internal 
dispositions established first. In the mean time we should 
Continue to encourage the adoption and use of low cost measures 
that lessen problems relating to debris propagation. These 
types of things, which don't incur unnecessary costs and are 
perhaps fairly easy to live with include: to reduce incidents 
of unplanned explosions such as the Delta has experienced in the 
past is relatively easy to address in terms of policy practice, 
the use of short-lived trajectories for trans-stages (it may have 
some contingence associated with it hut it seems to be a good 
idea) minimize the jettison paraphenalia associated with mission 
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sequences seems to bo a goid Idea, the use of reentering 
trajectories associated with ASAT tests seems to he a qood 
approach, and the adoption of general a anti-litter design practices 
seem to be good things to do. One could spread this word 
through several forums without n4*cossar11y establishing It as a 
foregone policy, There are good things to do, there are good 
Ideas and they could be well adopted, If the messages get 
distributed through the appropriate forums. Precede with low 
level policy ground work, Identify the resources that are 
regulred, and plan to acquire them, Identify who the 
participants are. Promote the approp.-l ate coordl natl ve and 
exploratory discussions ( 1 nteragency , domestic and International 
levels) to support these things. 

Establish working procedures keyed to the IQ^year planning 
objective and revisions and changes thereto. It seems proper to 
have a device that tends to connect all the Institutional 
elements together. The 10= year plan that was distributed and 
reviewed was Intended, at that time, to serve that cause. We 
really didn't have time. In our own discussions, for a detailed 
review of that plan, although most of the people plan to take a 
good hard look at It. But there Is a suggestion, If not a 
proposition; that the 10- year plan can serve as a central device 
for connecting our Independent thoughts and approaches. There Is 
also a concensus that there should be a focal working group that 
is the continuum of what we have had today. 

I don't think we have been bold enough to suggest just exactly 
what that forum should be or how It should work but that there 
should be one. 

In the continuity of looking at policy Implications, this is a 
list that Mai com Wolfe had In his presentation. It is what we 
believe Is representati ve of the kinds of questions that ought to 
be considered In the course of thlnklno about policy. There are 
other types of issues one could add to that list, but they do 
constitute the type of data that needs to be digested by people 
concerned with policy formulation or policy adaptation as it 
relates to debris activity. 

I had mentioned the iO-year plan. There had been several 
constructive comments received In the course of our discussions 
yesterday particularly as the plan itself relates to policy. We 
will make those comments available. 

The thought here has been that to some extent this has been a 
very gentlemanly approach to debris Investigation. There has 
been alot of personal relatlonsnlps as opposed to institutional 
relationship.'. In many cases the personal relationships have 
sustained hut In some cases the personal relationships have 
changed because their Institutional association changed. What 

committees, working groups, other management operational structures 

are In effect that may or may not serve as forums for Interchange 

on debris and debris related matters? We will compile a list of 

the institution! elements Involved and make It available for you. 
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Exi stl nq Policies 

Mot oecessarilly in order of sinnificaneo as they may relate to 
space debris, or the development of space debris policy. 

1. P res 1 dortt 1 a 1 Directive No. 9, July 4, 1902. 

2. Peaceful Uses of Outer Space Treaty, 1967. 

3. 000 Policy on Free Access to Space, Date. 

4. D00 Directive S/60.32., Date. 

5. Air Force Regulation on Satellite Position Management 55-XY 
(Draft) . 

6. USAF Soace Division Regulation on Satellite Position 
Management 55-1, Mar 6, 1981. 

7. NASA Internal Action Assignment Date: 

Low Earth Orbit, Code 0, Weiss. 

GEO. Earth Orbit, Code T, Smylie. 

8. NASA Resource Commitments 

Code M; Oebris Population Data Rase and Collision 
Statistics for LEO. 

Code T; Data Base and Statistics for GEO. 

Code R; Materials and Hypervelocity Impact Research. 

9. U.S. Unispace Statement of Principle, Oate. 

10. Intelsat Policy Directive on Disposal of Spent Satellites 

In/From Geostationary Orbit, Date. 

11. NOAA Policy Directive on Disposal of Spent Satellites 

In/From Geostationary Orbit, Date. 

12. United Nations Convention on Liability, Oate. 

13. European Space Agency Consideration on Disposal of Spent 
Satellites In/From Geostationary Orbit, Date. 

14. India Statement on Oisposal of Spent Satellites In/From 

Geostationary Orbit, Date. 

15. National Space Act, 196B and a' Amended. 
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Chart ? 


<lajor Policy Considerations 


1. The reeui rement '« V! V^T/bri s ^nT-^JehS^t awe 

ErSS 

probability, and collision hazard. 


A. 


^^rSS'hh'rt^^-^^iVfSr'^'rerri^^rtL oolicv 
directive . 




1. On the basis of oopulation 1 ncr ?J s r . I J^° r ’ 

2. On the basis of population growth factor. 


iVf«.rt:«ur,? .r.s 

considerations; for example: 


a cni/-ari>jft'< ahilitv to perform its mission in the 
«ent P Sf «*m*oS damage <* • spacecraft unique issue 
andean only be assessed tn the presence of that 
spacecraft design. 


III. The circumstances sur r°J";! 1 !/' t h ?f e 1 " j S Seostationary'orh" t. 

ItV/m e^ent^h It h e I m^tlTowSrd" Osteal disposal 
fJ.lNKMUStJoJ.ry orbit stems from the 

being developed for the lower orbit disposition should 

^’Unnr^^tVS? Sn^H^e^r^nn lower eartb 
orbit. 
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Chart ?, ( eontl nuted) 


IV. Shont term activity recommendations 

1. Establish NASA as a lead agency to focus and 
coordinate debris related Investigations. Information exchange 
and general activity planning, and coordinate the development, and 

formulation of prospective civil policy approaches. 

2. Continue to encourage the adoption and use of low cost 
measures that lessen the accentuation of a problem (relating to 
debris propagation), e.g.; 

Reduce Incidence of unplanned explosions, 

Use short-lived traieCtories for trans stages, 

Minimite jettisoned paraphenal 1 a , 

Use reentry trajectories for ASAT tests, 

Adopt anti-litter design habits, etc. 

3. Proceded with low level policy ground work 

Identify resources, ua rtl c i pants , etc.. 

Promote appropriate coordinative and exploratory 
d.ii scussions (interagency, domestic, 
i nternatl onal ) , etc . 

4. Establish working meeting procedures keyed to the 10- 
year plannina objectives and revisions and changes thereto, i.e., 
expand the plan to involve other involved agencies as 

approori a te . 

5. Establish a focal work group whose structure can be 
reviewed and revised to Include appropriately interested parties. 


6. Within the context of the preceding short term plan, 
continue to consider and explore the implications of potentially 
major pol 1 cy 1 ssues . 
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